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INVESTIGATING THE TEMPERATURE EFFECTS OF A LOW-POWER LASER
ON A TISSUE-LIKE MATERIAL USING NTC-TYPE THERMISTOR SENSORS
AND CALCULATING ENERGIES BY HEAT TRANSFER EQUATION
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!Department of Physics, Gebze Technical University, 41400, Kocaeli, Turkey
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In this study, we aimed to investigate the temperature effects of a low-power laser on a tissue-like material, namely
muscle phantom. To do this, we used thermistor temperature sensors to measure the temperature of the material at various
points while it was exposed to the laser. We found that the temperature of the material increased with increasing duration of
exposure to the laser, however, the maximum temperature increase was 1.7 degrees Celsius for 80 seconds, which is not harmful
to tissues. Next, we applied this temperature difference information to the heat transfer equation, a mathematical model that
describes how heat is transferred from one body to another. By using the measured temperature difference values and known
variable such as the material's specific heat capacity, we were able to calculate the amount of energy per 1 gram produced by
laser light at different distances and durations. We found that the maximum energy produced was 8.4 J for 80 s or a fluence of
0.105 J/cm?2 per second. This information is important because it can help us understand how the laser's energy is absorbed by
the tissue-like material and how it affects the material's properties and structure. It can also provide insight into the potential
therapeutic effects of low-level laser therapy, a non-invasive treatment that uses lasers to stimulate healing and reduce pain and
inflammation in the body, and for determining appropriate treatment doses for various diseases.

Keywords. Tissue-Like Material, Low Power Laser, Temperature Effects, NTC-Type Thermistor Temperature Sensor, Heat
Transfer Equation, Specific Heat Capacity, Energy Calculation.

INTRODUCTION

Tissue-like materials are used in many fields such
as biomedical research [1], testing medical devices and
instruments [2], surgical training [3], biophysics [4],
and medical imaging such as ultrasound [5,6], MRI [7],
CT [8,9] and PET [10]. In the field of biomedical
engineering, tissue-like materials are materials that
mimic the mechanical properties of biological tissues
and are used in various research projects. For example,
The mechanical and morphological characteristics of
human anatomical features must be accurately modeled
for use in medical teaching and research. While some
models use preserved human cadavers or animal tissue
as biological substitutes for fresh human tissue, other
models are constructed of artificial materials due to
both practical considerations and ethical issues [11]. In
the field of testing medical devices and instruments,
tissue-like materials are used to simulate the effect of
devices on human tissue. For instance, the radiation
impact of a cell phone may be tested using a substance
that resembles tissue. As a result, it is possible to get
more precise information regarding how mobile phones
affect human tissue [12]. In surgical training, tissue-
like materials are used to help prospective surgeons
learn surgical techniques. For example, a solid model
will provide the learner with something tangible to
work on rather than a 2D computer-generated
representation since, according to one research, 42% of
new doctors do not feel confident doing an
unsupervised surgery. By assisting the student in
visualizing the surgery and comprehending the
anatomy of the patient's organ, the realistic model can
boost their confidence [13]. In the field of biophysics,
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tissue-like materials are used to study the physical
properties of biological tissues. For instance, it is
necessary to control this dose and keep it as low as
practically possible to prevent biological harm to the
body. This worry is taken into account, and a radiation
planning technique is implemented to bring the
situation safe. Before exposing the human body to the
radiation technique, radiation planning involves
reviewing the actual operation with tissue-like
materials to determine the safety and acceptable energy
range [14]. Tissue-like materials are also used in the
field of medical imaging to evaluate imaging methods.
For instance, high-quality tissue-mimicking phantoms
(TMPs) are essential for the preclinical testing of novel
diagnostic and therapeutic modalities. TMPs should be
manufactured with exact T1 and T2 relaxation periods
in order to precisely simulate actual tissue in Magnetic
Resonance guided Focused Ultrasound (MRgFUS)
applications [15]. Phantoms are also used for many
other purposes, such as calibrating the optical field,
testing the accuracy of measurements, and evaluating
the performance of optical systems. Phantoms can also
be used to evaluate the quality and performance of
radiological imaging systems [16, 17]. The phantom
looks as the device displays, but has previously known
features. In this way, the images of the device can be
evaluated for accuracy and precision. Phantoms can
also be used for calibration of optical systems. For
example, a phantom can be used to test the accuracy of
a laser scanning system [18].

Low-level laser therapy (LLLT) is a medical
treatment that utilizes lasers with low levels of energy
to stimulate tissues in the body. It is sometimes referred
to as "cold laser therapy" due to the fact that the lasers
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do not generate heat when applied to the skin. LLLT
devices are often used to treat a variety of conditions,
including muscle and joint pain, inflammation, and
wounds. The theory behind LLLT is that the low-
energy lasers stimulate the cells in the body to produce
energy, which can reduce pain and inflammation and
promote healing. There are several factors that can
impact the effectiveness of LLLT, such as the
wavelength of the laser, the power of the laser, the
exposure time, the intensity of the laser, the output
mode, the depth of penetration, the area being treated,
and the settings on the control panel. While some
research supports the use of LLLT for certain
conditions, further studies are needed to fully
understand its effectiveness and the optimal treatment
protocols. It is important to note that LLLT should not
be used as a replacement for proven medical treatments,
and it is always important to consult with a qualified
healthcare professional before starting any new
treatment. LLLT is used to treat a variety of ailments.
For example, LLLT can help reduce pain. In particular,
LLLT may be effective in chronic pain syndromes [19].
Again, LLLT is known to help accelerate wound
healing [20]. Another example, LLLT can help reduce
pain and speed up the healing process in tendonitis [21].
And finally, LLLT can help reduce pain and improve
mobility in osteoarthritis [22]. Low-level laser therapy
(LLLT) devices utilize low-energy lasers to apply laser
beams to tissues. These lasers can operate at various
frequencies and have different longitudinal modes
(LMod) such as TEM00, TEMO1, and TEM10, which
refer to different wavelengths. The power of the laser
beams, typically measured in milliwatts (mW), can be
controlled by the LLLT device. LLLT devices can
apply laser beams to tissues in a variety of ways,
including at a single point or multiple points, with
different exposure times for example ranging from 5
minutes to 30 minutes, and at different intensities and
output modes, such as continuously or in waves. The
depth and area of tissue that the laser beams are applied
to can also vary, and LLLT devices usually have a
control panel to adjust these parameters and control the
device [23, 24].

Temperature measurement is an important
measurement in many different fields. For example, in
the health field, temperature measurement helps to
measure body temperature and helps to detect whether
there are health problems in cases of low or high body
temperature. Normal human body temperature can vary
between 36.5-37.5 degrees Celsius according to various
body parts [25]. However, each individual's body
temperature may differ slightly, and sometimes there
may be a difference between morning and night
temperature. In addition, body temperature can vary
according to the age, gender and level of physical
activity of the person. For example, the body
temperature of children is usually slightly higher, and
the body temperature of the elderly is usually slightly
lower [26]. A body temperature of 37 degrees Celsius
or above is defined as a high temperature or fever. In
this case, it is recommended to consult a doctor.

Also, if the body temperature is 35 degrees
Celsius and below, it is defined as a low temperature

and it is again recommended to consult a doctor in this
case.

The heat transfer equation in tissues has been
investigated [27-30]. The study of heat transfer in
tissues is important for various medical applications.
For example, understanding the heat transfer in tissues
during the design of medical devices can help evaluate
the effect and safety of the device to the tissues. It can
also help to understand the heat transfer in tissues of
devices such as therapeutic heating and cooling pads,
so that the efficacy and safety of the devices can be
better understood. Treatments such as cryotherapy and
radiofrequency ablation are also applied by considering
the factors affecting heat transfer in tissues, and
therefore understanding the heat transfer in tissues is
important for the effectiveness and safety of these
treatments [31,32]. Heat transfer in tissues occurs by
various  mechanisms, including  conduction,
convection, and radiation. The heat transfer equation
can be used to predict the rate at which heat is
transferred through tissues based on the properties of
tissues (such as their thermal conductivity and specific
heat capacity), the heat transfer coefficient, and the
temperatures of the tissues . To accurately model heat
transfer in tissues, it is important to consider the
complex and inhomogeneous nature of tissues and the
presence of blood vessels, which, due to their high
thermal conductivity, can significantly affect heat
transfer and convective heat transfer caused by blood
flow. In addition to the heat transfer equation, other
mathematical models and techniques, such as finite
element analysis, are often used to study heat transfer
in tissues and to predict the temperature distribution
and thermal response of tissues to exposure to heat or
cold [33]. Why s it important to investigate heat
distribution in tissues? Because the distribution of
tissue heat helps to understand and evaluate the heat
balance in the body. The human body uses a number of
mechanisms to control body temperature, and the
operation of these mechanisms also affects the
distribution of tissue heat. For example, when the body
temperature is high, the body tries to expel the heat
through water and perspiration. Therefore, the
distribution of tissue heat is important for
understanding the heat balance in the body. In addition,
the distribution of tissue heat is also important in
assessing the state of health in the body. For example,
an abnormal heat distribution in an area may indicate
the possibility of a health problem in that area.
Therefore, investigating the distribution of tissue heat
helps to understand and evaluate health status in the
body [34].

In this study, we tried to understand how low-
power laser exposure dissipates temperature on a
tissue-like material. To do this, we used NTC-type
thermistor temperature sensors to measure the
temperature of the material at various points during
laser exposure. This temperature difference was then
applied to the heat transfer equation, a mathematical
model that describes how heat is transferred from one
body to another. Using the measured temperature
differences and known variables such as the specific
heat capacity of the material, we calculated the amount
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of energy per one gram produced by the laser at
different distances and times. This information can help
to understand how laser energy is absorbed by the
tissue-like material and affects the properties and
structure of the material. It can also provide insight into
the potential therapeutic effects of low-level laser
therapy, a non-invasive treatment that uses lasers to
promote healing and reduce pain and inflammation
throughout the body.

METHODOLOGY

In this study, the muscle phantom, the VA-1-400-
635 model 635 nm red-colored solid-state diode laser,
UME MEDMET temperature measurement system and
NTC-type thermistor temperature sensors were used.
Later using the specific heat information of the muscle
phantom and the detected temperature values, the
energy distributions were calculated using heat transfer
equations. All experiments were performed under
controlled laboratory ambient conditions.

PREPARATION OF MUSCLE PHANTOM

In this study, a muscle phantom was used that was
identical to one previously published by Gutierrez et al
[35]. The phantom was created by mixing together
agar, aluminum oxide, distilled water and heating the
mixture until it reached a 80 °C temperature. After
dropping the temperature of the solution to 60 °C, 10
mL of glycerin was added to the solution and then the
solution was poured into a special designed
measurement mold and allowed to freeze. This process
was used to create a model that could be used to study
the properties of muscle tissue.

LASER SOURCE

The VA-1-400-635 model of the Optotronics brand,
which is a red-colored solid-state diode laser with a 635
nm wavelength, was used as the optical source for the
measurements. The laser utilized in the study can be
seen in Figure 1.

Fig. 1. A picture of the laser used in the study.

TEMPERATURE MEASUREMENT SYSTEMS |Iaboratory. It employed NTC-type thermistor

AND NTC-TYPE THERMISTOR

TEMPERATURE SENSORS

The temperature measurement system used in the study

was the UME MEDMET system developed by our |

temperature sensors and had five connectable 10 kQ
sensors with a sensitivity of 0.5%. A picture of
measurement system and phantom container can be
seen in Figure 2.



HUSEYIN OKAN DURMUS, BAKI KARABOCE & MIRHASAN Yu. SEYIDOV

|

Fig. 2. Temperature Measurement Systems and NTC-Type Thermistor Temperature Sensors.

In the experiment, measurements were taken by
applying the laser from various points, as shown in
Figure 3. The Temperature Measurement Device
(UME MEDMET) used in this experiment was
developed in-house and allows for the connection of
five 10 kQ NTC type thermistor temperature sensors.
The device's outer box was designed using thel

Solidworks program and printed on the 3D printer
(Zaxe X1+) in the laboratory. It receives power directly
from the connected computer through a USB
connection and has a TFT touch screen for inputting
commands and reading data. The device's software was
also developed in the laboratory, and data can be
transferred to an MS Excel file if desired.

Fig. 3. The pictures of measurement points in the phantom container.

HEAT TRANSFER EQUATION AND
PHANTOM’S SPECIFIC HEAT INFORMATION

The heat transfer equation is a mathematical
expression that describes the rate at which heat is
transferred from one place to another as a function of
various physical properties and conditions. It is
typically used in various engineering and scientific
applications to estimate the rate of heat transfer
between two bodies or between an object and its
surroundings. The quantitative relationship between
heat transfer and temperature change contains all three
factors [36];

Q=mcAT 1)
where “Q” is the symbol for heat transfer, “m” is the
mass of the substance, and “AT” is the change in
temperature. The symbol c stands for specific heat and
depends on the material and phase. The specific heat is
the amount of heat necessary to change the temperature
of 1.00 kg of mass by 1.00 °C. The specific heat is a
property of the substance; its Sl unit is or J/(kg-K) or

JI(kg-°C). Recall that the temperature change (AT) is
the same in units of kelvin and degree Celsius. If heat
transfer is measured in kilocalories, then the unit of
specific heat, kcal/(kg-°C). By using the heat transfer
equation, we can predict how much heat will be
transferred between two bodies or regions under given
conditions, which can be useful for designing and
optimizing heat transfer systems and devices, such as
heat exchangers, boilers, and refrigerators. In the
energy calculation of the muscle phantom, the specific
heat value is taken as an average of 3650 J/(kg-°C) as
literature information [37].

RESULTS AND DISCUSSION

The temperature and heat distribution graphs
caused by the low-power laser applied to the muscle
phantom at different times are given below. Figure 4
shows the temperature distribution created by the low-
power laser in the experimental setup for 20, 40, 60 and
80 s times.
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Fig. 4. The temperature distribution created by the low-power laser in the experimental setup for 20, 40, 60 and 80 s
durations.

Figure 5 shows the energy distributions calculated using the measured temperature differences and the
specific heat capacity of the muscle phantom for the 20, 40, 60 and 80 s times.
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Fig. 5. The energy distribution created by the low-power laser in the experimental setup for 20, 40, 60 and 80 s durations.
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DISCUSSION
In this study, laser-induced temperature
measurement was investigated using NTC-type

thermistor temperature sensors and UME-MEDMET
temperature measurement system inside the muscle
phantom. All the experiments done for temperature
measurements were carried out under laboratory
ambient conditions (Temperature was 23.0 °C % 3 °C,
and relative humidity was 50 rh% =+ 5 rh%). It is seen
that the temperature of the material increases with the
increase of the exposure time of the material to the
laser. The temperature rises over time can be seen much
more clearly from the graphs. The temperature
increases caused by the laser in the muscle phantom are
a maximum of 1.7 Celsius degrees for 80 s. The
maximum temperature detected was found as 23.4 °C
and the average temperatures measured when the laser
was applied were found as 21.7 £ 0.5 °C. When we add
the maximum temperature difference and temperature
uncertainty (0.94 °C) coming from the NTC type
thermistor temperature sensor [38] to the average
temperatures found for the muscle phantom, the
temperature value to be formed will be 24.8 °C at the
most. We can also adapt this assessment to human body
temperature. Because the human body temperature is
37 +/- 0.5 °C [25], the maximum temperature increase
found will lead to a maximum increase of 3.2 °C in
body temperature, taking into account the temperature
uncertainty of the measurements and the uncertainty of
the NTC temperature sensor. This can raise body
temperature to 40.2 £ 0.5 °C. These temperatures are
harmless. Because temperatures exceeding 45 degrees
cause damage to the tissues [39]. Therefore, these
temperatures will only produce photochemical effects,
also known as biostimulation. In other words, the laser
used will not create irreversible effects. The
temperatures and temperature differences found are
mostly of the type that trigger photochemical processes
rather than photothermal effects. At the same time, it is
seen that the 400 mW laser can be used safely on people
up to 80 seconds and a minimum approach distance of
25 mm.

We can also say the following about the energy
distributions calculated over the detected temperatures.
The heat increases caused by the laser in the muscle
phantom were calculated as 8.4 J maximum for 80
seconds. In laser treatment for various diseases and
symptoms, there are specific guidelines for the number
of treatments, the intervals between treatments, and the
method and dosage (measured in fluence, or J/cm?) that
should be followed, as outlined in a reference source
[40]. The calculated energy of 8.4 J for 80 s
corresponds to 0.105 J/cm? per second. For this reason,
appropriate treatment planning can be made for the
energies defined for the treatment of various diseases.
For example, the following doses (fluences) per cm? are
applied in the treatment of the following diseases and
symptoms; Carpal-tunnel (8 J/cm?), Supraspinatus (8
Jicm?), Patellar tendon (8 J/cm?), Achilles tendon (8

Jicm?), Acne Vulgaris (5 J /cm2), Allergic rhinitis (5
Jicm?), Arthritis (5 J/cm?), Wound healing (edge of
wound) (5 J/cm?), Scars and pregnancy stretch marks
(5 Jem?), Muscle knots and pain (5 Jlcm?) and
Tendinitis (5 J/lcm?).

CONCLUSION

In conclusion, tissue-like materials are widely
used in various fields, including biomedical research,
testing medical devices and instruments, surgical
training, biophysics, and medical imaging. These
materials are used to mimic the mechanical properties
of biological tissues and are valuable for studying the
physical properties of tissues, evaluating imaging
methods, calibrating optical systems, and more. Low-
level laser therapy (LLLT) is a medical treatment that
uses low-energy lasers to stimulate tissues in the body
and is used to treat a range of conditions, including
muscle and joint pain, inflammation, and wounds.
While there is some evidence to support the use of
LLLT for certain conditions, more research is needed
to fully understand its effectiveness and the optimal
treatment protocols.

Based on the results of this study, it can be
concluded that the use of the 400 mW laser on people
for up to 80 seconds with a minimum distance of 25
mm is safe and will not produce harmful, irreversible
effects. The laser caused an increase in temperature of
the muscle phantom, with a maximum increase of 1.7
°C for 80 seconds. When considering the uncertainty in
the temperature measurement and the sensor used, this
could potentially lead to an increase of 3.2 °C in human
body temperature, bringing it to a safe level of 40.2 £
0.5 °C. The temperatures and temperature differences
produced by the laser are mostly of the type that trigger
photochemical processes rather than photothermal
effects. As for the produced energy, the heat increase
caused by a laser in a muscle phantom was calculated
to be 8.4 J maximum over 80 seconds. This corresponds
to a fluence (energy per unit area) of 0.105 J/cm? per 1
s. There are specific guidelines for the number and
timing of laser treatments for various diseases and
symptoms, and the appropriate treatment can be
planned based on the energy levels defined for each
condition. Future studies could examine the use of
lasers with different powers and different types of
phantoms to further understand the effects of laser-
induced temperature measurement.
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To guarantee the safe and correct operation of medical ultrasonic imaging instruments, the use of phantoms is essential
during testing and evaluation. Phantoms mimic the acoustic properties of living tissue, allowing for performance tests and
quality control of medical ultrasonic devices. Industry standards specify that tissue-mimicking materials used in quality control
of ultrasonic devices should have specific acoustic properties. Acoustical and optical properties of two distinct tissue-
mimicking materials, Zerdine and Agar, were studied and characterized in this research. Acoustical properties such as density,
sound velocity, and acoustic attenuation coefficient were measured using the Pulse-Echo method and transmission technique.
Optical properties were studied using a single integrating sphere system and the Kubelka-Munk function approach. The results
of these studies may provide a foundation for future research on the opto-acoustical characterization of various phantoms.

Keywords. Medical Ultrasonics, Phantoms, Tissue-Mimicking Materials, Zerdine, Agar, Acoustical and Optical Properties.

INTRODUCTION

Materials can be characterized and evaluated
based on how they will be used, such as their optical,
thermal, mechanical, acoustical, and electrical
properties. One specific type of material is called a
phantom, which is used as a reference point in medical
testing before a procedure is done on a living patient.
Phantoms have the benefit of being able to imitate the
properties of living tissue and be reused multiple times.
Additionally, the use of materials that mimic biological
tissue is also very common in the field of biophotonics.

It is crucial to test and evaluate the devices used
in ultrasonic imaging and treatment systems to ensure
they work safely and correctly. To do this, special
materials called phantoms are used. These phantoms
are designed to mimic the acoustic properties of the
tissue being studied. This allows for performance tests
and quality control of medical ultrasonic devices. In
order for the measurements to be accurate and reliable,
the phantom should have similar acoustic properties as
human tissue. Some important physical properties that
are measured when characterizing these phantoms
include the speed of sound, density, characteristic
acoustic impedance, and attenuation coefficient. The
most important aspect of developing a phantom for use
in ultrasonic imaging device testing is that it meets the
standards for acoustic properties as specified in the
industry standards [1,2].

Phantoms are essential for testing and evaluating
medical ultrasonic imaging devices. According to
industry standards such as IEC TS 62791:2015 and IEC
1390, the tissue-mimicking materials used in quality
control of ultrasonic devices should have specific
acoustic properties, including an ultrasonic sound
velocity of (1540 = 10) m/s and an attenuation
coefficient of (0.50 + 0.04) dB/(cm-MHz) for low
attenuation coefficient echo targets and (0.70 = 0.04)
dB/(cm-MHz) for "background" materials [3,4]. These
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standards ensure that the tests are performed correctly
and give accurate results.

When testing and evaluating phantoms, different
parameters are examined depending on the type of
characterization  being  performed.  Acoustical
characterization looks at parameters such as sound
velocity, characteristic acoustic impedance, acoustic
attenuation coefficient, and acoustic backscatter
coefficient. In contrast, optical characterization
examines parameters like absorption coefficient,
scattering coefficient, and anisotropy factor [5]. While
there is a well-established system for acoustical
characterization, studies in optical characterization are
still relatively new and developing.

The Kubelka-Munk model is a theoretical
reflection model that is commonly used in optics. This
model assumes that when light passes through a
homogeneous sample, some of it is scattered and
absorbed in different directions, causing the light to be
weakened. The Kubelka-Munk model is a two-stream
approach to general radiation transfer theory and it
characterizes the spread of upstream and downstream
fluxes by scattering and absorption coefficients known
as S and K respectively.

This model is widely used for describing the
optical properties of luminescent materials. It is one of
the simplest and most successful models for predicting
the optical properties of particulate films under
dispersed illumination from the material's effective
absorption and scattering coefficients. It has a wide
range of applications in different materials such as
paints, pigmented plastics or polymers, decorative and
protective coatings, solar-absorbing pigments and
paints, human tissue, biological systems, and optical
properties. The model assumes that the optical
properties of a coating can be described by two
constants, the absorption and scattering coefficients
[6-9].

In this study, the acoustical and optical properties
of two types of phantoms, Zerdine and Agar phantoms,
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were  analyzed  separately. The  acoustical
characterization study measured the density, sound
velocities, and acoustic attenuation coefficients of the
phantoms. The optical characterization study used a
single integrating sphere system to measure parameters
such as absorbance, transmittance, and reflectance.
Additionally, the refractive index and optical linear
attenuation coefficient were calculated as macroscopic
optical parameters. Microscopic optical properties,
such as the absorption coefficient, scattering
coefficient, anisotropy factor, reduced scattering
coefficient, and penetration depth were determined
using the Kubelka-Munk Function approach.

METHODOLOGY

In this study, Zerdine and Agar phantoms are
characterized in terms of optical and acoustical
methods. In optical characterization, the Pulse-Echo
method and transmission technique were utilized while
a single integrating sphere system and the Kubelka-
Munk function approach were used in the optical|

characterization. All experiments were performed
under controlled laboratory ambient conditions.

PREPARATION OF ZERDINE AND AGAR
PHANTOMS

Tissue-Mimicking  Materials (TMMs) are
materials that are often used in medical research
because they are able to mimic the properties of
biological soft tissues. In this study, two types of
TMMs were used, named Zerdine and Agar. Zerdine
phantoms are commonly used as reference materials in
quality control of ultrasonic imaging systems, while
Agar phantoms are typically used in ultrasonic
research. The Zerdine phantom was prepared in a
rectangular container using a specific formulation, as
specified in a patent by Zerhouni and Rachedine [10].
The Agar phantom was created by mixing 2% Agar and
0.4 M ZnCl, by weight of the starting water in a
cylindrical container [11]. A picture of the Zerdine and
Agar phantoms that were tested can be seen in
Figure 1.

Fig. 1. A picture of the Zerdine (left) and Agar (right) phantoms under test.

SOUND VELOCITY MEASUREMENT SET-UP

The Puls-Echo method was used to measure
sound velocities in this study [1,2]. The experimental
setup and equipment connections used for these
measurements are illustrated in Figure 2.

The Pulse-Echo method is a technique in which
an ultrasonic probe, also called a transducer, is used to
both transmit and receive signals. In this method, the
probe is placed in contact with the phantom using an |

Pulser Receiver
(ISR Ultrasonics DPR 300
Pulser Receiver)

PULSER/RECEIVER

impedance matching gel and the signals sent and
received by the Pulser/Receiver device are displayed on
an oscilloscope screen. The period value between the
observed signal peaks is recorded on the oscilloscope
screen and the sound velocity is calculated using
formulas (1, 2 and 3) as illustrated in Figure 4. It is
important to ensure that the thickness of the sample
being tested is accurately determined for the method to
work correctly.

Dijital Oscilloscope
(Keysight
InfiniiVision Digital
Storage Oscilloscope
(100 MHz, 5 GSa/s))

Ultrasonic Immersion Probes
(NDT Systems Immersion Ultrasonic
Transducers-with 1 MHz, 2,25 MHz and
3,5 MHz working frequency)

Fig. 2. Experimental setup used to determine ultrasonic sound velocity by using Pulse-Echo method.
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Fig. 3. Echo patterns observed in determining the speed of sound with Pulse-Echo method.

x =distance that sound takes (2d) (m)

c = sound velocity (m/s)

At = time difference measured from oscilloscoipe (s)

e (1) o a
2

2-d=c-At (2)

_2-d
At

3

Fig. 4. Sound veocity calculation formulas.

ATTENUATION COEFFICIENT
MEASUREMENTS AND SET-UP

The attenuation coefficient is determined using
the "transmission" technique [1,2]. In this method, two
transducers operating at the same frequency are used to
generate and detect the ultrasound signal. The
transducers are placed parallel to both surfaces of the
sample. The amplitude of the signal that reaches the
receiver transducer decreases exponentially, and the
attenuation coefficient is calculated by using a specific
formula.

PULSER/RECEIVER

A - Aoe_#x (4)

The attenuation coefficient is represented by the
Greek letter, u and is measured in units of dB / cm -
MHz. It is calculated using the distance (X) in
centimeters, the formula is given with the Greek letter
u, and x. The experimental setup used for measuring
the attenuation coefficient is illustrated in Figure 5.
Every tissue has a unique attenuation coefficient, which
is a representation of the decrease in ultrasonic wave
amplitude after it reaches the tissue due to absorption,
scattering, and conversion of mode.

0SCILLOSCOPE

Phantom

Fig. 5. Experimental setup used for attenuation coefficient measurements.
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DENSITY MEASUREMENTS

Density is a measure of how much mass is
contained within a certain volume of matter, and it is
determined by the equation:

m
pP=y ®)
Where; "m" (kg) is the mass and "V" (m®) is the
volume. To determine the density of the phantom
samples, the volume and mass were measured, then the
density was calculated using the equation above.

ACOUSTIC IMPEDANCE CALCULATIONS

Acoustic impedance is a property of a material
that describes how well it transmits sound waves and is
denoted by the letter "Z" and calculated by the
following equation:

Z=p-c (6)

Optical Power Meter
(opPm)

2"

Single Integrating
Sphere

(Thorlabs 15200 model

Where; "p" (kg/m®) is the density, "c¢" (m/s) is the
sound velocity, and "Z" ((kg/m?) - s) is the acoustic
impedance. Another unit used for acoustic impedance
is Rayl.

OPTICAL MEASUREMENT EQUIPMENTS

A red colored solid-state diode laser with a
wavelength of 635 nm, made by Optotronics and model
VA-1-400-635, was used as the optical source for the
measurements. The maximum working power of the
laser was 400 mW. For the measurement of optical
power, an Ophir StarBright model optical power meter
and an Ophir 3A type thermal sensor were used. The
Thorlabs 1S200 model 2” integrating sphere was used
to measure optical properties such as absorbance,
transmittance, reflectance, refractive index and optical
linear attenuation coefficient. All the optical
measurement equipment used in the experiment are
shown in Figure 6.

635 nm
Red Color Diode Laser

Thermal Sensor of Optical
Power Meter

Fig. 6. Optical measurement equipment used in the experiment.

I, Measurement

Fig. 7. Optical measurement equipment used in the experiment.
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In this study, the single integrating sphere
measurement method was used. Figure 7 illustrates the
setup of the single integrating sphere experiment used
for measuring both optical power and optical
properties. The setup involves two measurements, lo
and | measurement. In the 1, measurement, there is no
phantom in the system, while in the | measurement,
there is a phantom in the system.

CALCULATION OF MACROSCOPIC OPTICAL
PROPERTIES

The relevant formulas for macroscopic
calculations of absorbance, transmittance, reflectance,
refractive index, and optical linear attenuation
coefficient can be seen as follows.

R+T+A =1 or %R+%T+%A = %100 [12] (7)
Absorbance,

A; A=-log(l/lo)=-log(T)=2-log(%T) [13] (8)
Transmittance, T; T=1/lp [13] 9
Reflectance, R; R=1-(A+T) [12] (10)

Reflectance, R = E::;Z [12] (11
where n is the Refractive Index.
I=Ie™ p= —E [14] (12)

X
where p is the Linear Total Attenuation Coefficient.

CALCULATION OF MICROSCOPIC OPTICAL
PROPERTIES

The relevant formulas for  microscopic
calculations of absorption coefficient, scattering
coefficient, reduced scattering coefficient, total
attenuation coefficient and effective penetration depth
are as follows. |

The Kubelka-Munk Function is given by
_m2
FR) = &8 = 5 [15]

” (13)
where R = Reflectance, k= Absorption Coefficient,
s=Scattering Coefficient.

The total attenuation coefficient is described by

H=U= Uq + HUs [16] (14)

Where p, is Absorption Coefficient, and p, is
Scattering Coefficient.

That is, k=u, and s=p, can be matched by using
(13) and (14) formulas.

The reduced scattering coefficient (u; ) is defined
by the following equation;

wo=QA-gus, 171 (15

Where g is the anisotropy factor. The g value of the
phantom was fixed at 0.9, which is the anisotropy factor
of human tissue in the UV and Near-Infrared spectra.

The effective penetration depth, Des, is described
by the following formula;

1

Derr = VBualuatus(1-g)’ [18]

(16)

RESULTS AND DISCUSSION
Acoustical Characterization Results

The acoustical properties of the tissue-mimicking

materials made from Agar and Zerdine ® materials
were determined as follows:

Sound Velocity Measurement Results

The Pulse-Eco method was utilized to measure the
speed of ultrasonic waves in the materials. The results
of the sound velocity measurements, obtained from this
method, are presented in Figure 8.

Sound Velocities (m/s)

1640
1620
1600
1580
1560
1540
1520
1500
1480

1606,78

Sound Velocity (m/s)

Agar

1529,90
I

Zerdine

Fig. 8. Sound Velocities of Agar and Zerdine Phantoms.
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Attenuation Coefficient Measurement Results

The Transmission technique was employed to measure the attenuation coefficient, which is a measure of
how much ultrasonic waves will diminish as they pass through the tissue. The results of the attenuation coefficient
measurements, obtained from this method, are shown in Figure 9.

Attenuation Coefficients (dB - cm™ - MHZz?)
0,7 0,60

0,54

Aagar Zerdine

0,6
05
04
0,3
0,2
01

(dB - cm! - MHz?)

Attenuation Coefficient

Fig. 9. Attenuation Coefficients of Agar and Zerdine Phantoms.

Density Measurement Results

The densities of the produced phantoms were calculated and are displayed in Figure 10.

Density Values (kg - m)

1100
1060
— 1050
.E 1000 980
£
> 950
‘D
5 900
[a]
850
Aaar Zerdine

Fig. 10. Densities of Agar and Zerdine Phantoms.
Calculated Acoustic Impedance Values
The densities of the produced phantoms and the acoustic impedance values calculated using the sound

velocity measurements are presented in Figure 11. The standard deviations for the acoustic impedance values were
found to be very small and thus, are not included in the graph.

Acoustic Impedance Values (MRayl)
1,70

18
1,7
1,6
15

(MRayl)

14

Acoustic Impedance

13

12
Aaar Zerdine

Fig. 11. Calculated Acoustic Impedances of Agar and Zerdine Phantoms
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A summary of all the acoustical parameters obtained for the Agar and Zerdine phantoms through this study
are presented in Table I.

Acoustic parameters determined for two different tissue-mimicking materials e
TMM Agar Zerdine®
Soun((rin }g_ell)c)city 1606.78 + 13.00 1529.90 +2.86
Att(e;gggﬁ_q th;lerfZi_gi)e“t 0.6+ 0.05 0.54 +0.02
(?(Zf‘rsri]g’) 1060 = 5 980 =2
Acoust(i'(\:/I Iégr))/tle)dance* 1.696 1.499

* Since the standard deviations calculated for acoustic impedance are very small, they are not given in the
table.

|index, and attenuation coefficient, of the soft tissue
phantoms were measured and calculated using the
single integrating sphere test setup as reported in Table
Il and Table Il in a previous study.

Measurement Results of Macroscopic Optical
Properties

The macroscopic optical properties, such as
absorbance, transmittance, reflectance, refractive|

Table 1
The measured macroscopic optical properties of the Zerdine and Agar phantom as average with the single
integrating sphere measurement method

Phantom Transmittance, T | Absorbance, A Reflectance, R
Zerdine 0.91+0.03 0.04+0.01 0.05+0.01
Agar 0.44+0.21 0.41+0.27 0.15+0.09

Table 111
The calculated macroscopic optical properties of the Zerdine and Agar phantom as average with the single
integrating sphere measurement method

Phantom Refractive Index Total Attenuation Coefficient (cm™)
Zerdine 1.58 +0.08 0.03+0.01
Agar 2.26+0.64 0.91+0.10

Calculations of Microscopic Optical Properties total attenuation coefficient, and effective penetration
depth, were determined using the results from the
single integrating sphere test setup. The calculated

values for these properties are presented in Table IV

The microscopic optical properties of the soft
tissue phantoms, including the absorption coefficient,

scattering coefficient, reduced scattering coefficient, | and Table V.
Table IV
The calculated microscopic optical properties of the Zerdine and Agar phantom as average.
Absorption . - Reduced Scattering
Phantom Coefficient, Scattering C?oefflment, Coefficient,
-1 s, cYE 1 1
Uq, CM g, CM
Zerdine 0.025+0.011 0.003 +0.001 0.001 £ 0.0004
Agar 0.642 +£0.074 0.266 +0.031 0.053 +0.006
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Table V

The calculated total attenuation coefficient and effective penetration depth of the Zerdine and Agar phantom

as average.
Total Attenuation Coefficient, Effective Penetration Depth,
Phantom .
U, ML Degg, €M
Zerdine 0.028 £ 0.012 22.655+12.253
Agar 0.908 +0.104 0.865 +0.101

CONCLUSION

In this research, the acoustical and optical
properties of two distinct tissue-mimicking materials,
Zerdine and Agar, were studied and characterized.
Acoustical properties such as density, sound velocity,
and acoustic attenuation coefficient were measured
using the Pulse-Echo method and transmission
technique. Optical properties were studied using a
single integrating sphere system and the Kubelka-

| Munk function approach. Macroscopic properties such

as absorbance, transmittance, reflectance, refractive
index, and attenuation coefficient were measured and
calculated. Microscopic properties such as absorption
coefficient, scattering coefficient, the reduced
scattering coefficient, total attenuation coefficient, and
effective penetration depth were calculated. The results
of these studies provide a foundation for future research
on the characterization of various phantoms.
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CHANGE IN THE PHOTOLUMINESCENCE PROPERTIES OF STAIN ETCHED
POROUS SILICON AFTER POSTTREATMENT IN VARIOUS ACID AND
ALKALINE ETCHANTS

F.A. RUSTAMOV, N.H. DARVISHOV, V.E. BAGIEV, M.Z. MAMEDOQV,
E.Y. BOBROVA, H.O. ASKEROVA
Condensed Matter Physics Division, Institute for Physical Problems,
Baku State University, Baku AZ 1148, Azerbaijan
E-mail: farhad.rustamov@bsu.edu.az

The effect of posttreatment in aqueous solutions of HF, KOH, NaOH and Na2SeOs on the photoluminescence spectra of
stain etched porous silicon has been investigated. It is shown that this posttreatment of as-prepared samples leads to a shift of
the photoluminescence maximum from ~1.85 eV to 2.1 eV. Subsequent atmospheric oxidation during 2+3 min leads to the
transformation of the spectra, and its maximum shifts back to 1.85 eV. The intensity of photoluminescence after posttreatment
of porous silicon depends on the composition of the etchant. In the HF solution, the photoluminescence intensity hardly
changes, while in alkaline solutions it decreases. This is due to the different etching rates of silicon and silicon oxide in different
etchants. The role of oxygen bonds in the formation of local radiative recombination levels in the band-gap, responsible for

photoluminescence transformations, is discussed.

Keywords: porous silicon; stain etching; posttreatment; diluted HF; alkaline solutions; yellow PL; oxygen bonds
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1. INTRODUCTION

The phenomenon of visible photoluminescence
(PL) in porous silicon (PS) has been intensively studied
from both a practical and theoretical point of view since
its discovery [1, 2]. From a practical point of view, this
material has potential possibilities of practical
application in  micro- and  optoelectronics,
photovoltaics, biomedicine, as chemical and biological
sensors, antireflection coating for solar cells, and so on
[3, 4]. From a theoretical point of view, it is of interest
to find out the physical mechanism of this phenomenon
[5, 6]. Being an indirect-gap semiconductor with a band
gap of 1.1 eV and with a lot of dangling bonds on the
surface, a bulk crystal doesn’t exhibit visible PL. After
electrochemical or purely chemical etching, the
transformed material, called porous silicon, begins to
exhibit visible luminescence with a maximum higher
than 1.1 eV. At present, it has been established that this
is primarily due to the quantum size effect broadening
the band gap in silicon nanocrystallites, which are
obtained during the technological process of PS
formation. And indeed, especially at small porosities,
its observed that with an increase in porosity, i.e. with
a decrease in the size of silicon nanocrystallites, a shift
of the maximum PL to the high - energy region is
observed [3, 4, 7]. But only the quantum-size effect
cannot explain all observed experimental facts. In
particular, at high porosities, the further shift of the PL
maximum to the high - energy region stops [3, 4]. This
experimental fact can be explained by the appearance,
due to surface states, of radiative recombination levels
located in the band gap. Theoretical works indicate that
these levels arise during the oxidation of silicon
crystallites [5, 6]. It is shown, that when hydrogen
bonds Si-H are replaced by oxygen bonds Si-O, local
levels appear in the band gap of PS. Moreover,
depending on the formation method of PS, this
substitution can occur both during PS formation [8-11]
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and during atmospheric oxidation after formation [12-
14]. It is the appearance of such radiative
recombination levels that leads to red - orange
photoluminescence, regardless of the porosity and size
of silicon nanocrystals.

The PS samples, obtained by stain etching, are
usually highly porous, and oxygen bonds in them are
formed in the process of the formation of porous silicon
in the etching solution [11]. As a consequence, instead
of band-to-band transitions, transitions through these
local levels prevail here. As a result, stain-etched
porous silicon, regardless of porosity, exhibits stable
red-orange or orange PL immediately after preparation.
To shift the PL maximum in these PS samples, it is
necessary to remove these oxygen bonds.

As is known, the silicon surface is well etched
with aqueous solutions of HF and alkalis. But the
effects of these solutions are different from each other.
Depending on the type of etchant, its concentration, and
etching duration, postetching can lead to the removal of
oxygen bonds, a further reduction in the size of Si
nanocrystallites, as well as to etching of the silicon
itself, and a decrease in the thickness of the PS layer.
Therefore, the final result of the effect of posttreatment
on the maximum and intensity of PL requires further
experimental research and comparative analysis.

In this work, we studied the effect of
posttreatment on the PL spectra of stain etched porous
silicon in HF, KOH, NaOH and Na;SeOs solutions of
various concentrations.

2. EXPERIMENT

Porous silicon samples were obtained by stain
etching on p-type monocrystalline silicon substrates
with a resistivity of 0.1 Om-cm and (111) orientation.
To remove contaminant and degrease the surface, the
plates were immersed in acetone for 50 min and then
washed with bidistilled water. Then, to remove the
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oxide layer, the surface of the plates was treated in a
10% aqueous HF solution for 1 min and then in
concentrated HF (50%) for 5 min [19]. PS layers were
formed at room temperature under daylight
illumination in an HF(50%):HNO3(65%):CH;COOH
(glacial) modified solution in a volume proportion of
1200:1:800, i.e., at oxidant insufficiency [20]. After the
incubation time, the reaction of PS formation lasted 9
min. Such samples have a porosity of more than 70%,
with crystallite sizes of 1.5+2.8 nm [9, 21, 22]. Some of
the samples immediately after the formation of PS were
washed in bidistilled water and then was treated in
various acid and alkaline etchants. It was very
important to prevent contact of the PS with atmospheric
air when transferring the obtained sample from the
cleaning solution to the etching solution. PS samples
were postetched in the following etchants: 10%
aqueous solution of HF, NaOH, KOH and Na,SeOs
aqueous solutions in 0.0001M, 0.001M, 0.01M and 1M
concentration within 1+60 minutes. Then the samples
were washed in bidistilled water, isopropyl alcohol and

0.6+

0.4 4

PL intensity a.u

0.0

dried by N jet. Immediately after drying, the PL
spectra of the obtained samples were studied under
ambient atmospheric conditions.

The PL spectra have been investigated at room
temperature. The PL was excited by a Xenon lamp
DKSL-1000, passed  through an  SPM-2
monochromator, and was recorded with an 1KS-12
monochromator in the reflection geometry. In PL
measurements, the excitation wavelength was 320 nm.
3. RESULTS
Fig.1 shows the PL spectra of stain etched PS
samples both immediately after formation (a) and after
posttreatment (b) in an alcohol solution of 10% HF in a
volume proportion of 1:1. An alcohol solution was used
to increase wettability. As can be seen from the figure,
the samples that have not undergone additional
treatment exhibit red PL with a peak at ~1.85 eV
(Fig.1a).

22 24

Fig.1. PL spectra of stain etched PS without and with posttreatment in dilute HF. a) as-prepared PS without postetching;
b) as-prepared PS immediately after postetching in dilute HF; b") postetched PS after 5 min exposure in air.

This is a common PL spectrum observed in
relatively highly porous PS samples obtained by
conventional electrochemical or stain etching methods
without posttreatment. Those samples that were
subjected to posttreatment in an alcohol solution of
10% HF for ~ 10 min immediately after formation
exhibit yellow PL with a maximum at 2.1 eV (Fig.1b).
I.e. such additional etching of PS samples leads to a
shift of PL peak to high-energy region (Fig.1, transition
a — b). Upon contact with air, this PL spectrum is
transformed very quickly (1 + 3 min) and its maximum
shifts back to ~ 1.85 eV (Fig.1, transition b—b'). As can
be seen from Fig.1 the PL spectra of untreated samples
and samples posttreated in an alcohol solution of 10%
HF and exposed in air for more than 5 min practically
coincide. Further exposure in air leads to a slight
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increase in the PL intensity without shifting its
maximum.

Fig. 2 depicts the characteristic PL spectra of PS
samples after 2 minutes of posttreatment in aqueous
solutions of KOH of various concentrations. The PL
spectra of PS samples subjected to posttreatment in
aqueous solutions of NaOH and Na,SeOs are not given
because of their similarity to the spectra in Fig.2. As
can be seen from the PL spectra, the posttreatment of
PS samples in alkaline etchants also leads to a shift of
the PL maximum to the high-energy region (Fig.2,
transition a — b), i.e., red PL (~1.85 eV) turns into
yellow (~2.1 eV). However, as shown in Fig. 2b, there
is a significant decrease in intensity compared to the
previous case's additional treatment in diluted HF in
Fig. 1b.



CHANGE IN THE PHOTOLUMINESCENCE PROPERTIES OF STAIN ETCHED POROUS SILICON AFTER....

064
~
o 044
2>
w
cC
L
=
- |
Q. 0.24
0.0 ' r . : )
16 18 20 22 24
hy, eV

Fig.2. PL spectra of stain etched PS without and with posttreatment in KOH solutions. a) as-prepared PS without postetching;
b) and b") PS postetched in 0.001M KOH immediately and after 5 min exposure in air; ¢) and c’) PS postetched in
0.01M KOH immediately and after 5 min exposure in air; d) and d') PS postetched in 1M KOH immediately and

after 5 min exposure in air.

Further exposure to air, as in the previous case,
leads to the reverse shift of the PL peak to the initial
position of 1.85 eV, but with a significant decrease in
the intensity (Fig.2, transition b — b'). The increase in
the concentration of etching alkaline solution doesn’t
change the position of the corresponding maxima, and
it only leads to a decrease in intensity at each stage
(Fig.2, transitions ¢ — ¢'and d — d').

4. DISCUSSION

The PL emission spectra shown in Fig.1la and
Fig.2a correspond to stain etched PS without
posttreatment. These are typical PL spectra of PS, with
amaximum in the red - orange region. Such spectra are
observed both in the electrochemical and stain etching
methods of PS formation. The reason for such PL is a
total manifestation of the quantum-size effect in silicon
nanocrystallites and their surface oxidation. The
quantum-size effect expands the band-gap and surface
oxidation leads to the appearance of local levels of
radiative recombination. In the case of low PS porosity
when the sizes of silicon nanocrystals are larger than
~4nm, these local levels are located inside the
conduction band and do not show up in the PL emission
spectrum [5, 6]. In this case, PL is a consequence of
radiative zone-to-zone transitions. As the size of
nanocrystals decreases, the peak of the PL spectrum
slightly shifts to the high-energy region. But when the
PS porosity is high and the size of nanocrystals
becomes smaller than ~ 4 nm, the local level associated
with surface states is located inside the band-gap. And,
because radiative recombination occurs at these local
levels in this case, a further decrease in the size of
silicon crystallites, resulting in an increase in the width
of the band gap, does not cause a shift in the PL
maximum [5, 9, 22]. Such spectra are observed both in
the electrochemical and stain etching methods of PS
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formation. The difference in the PL spectra obtained by
different methods manifests itself when they are
oxidized in air immediately after their preparation. The
PL spectra of PS samples in the first case are strongly
transformed, while in the second case they are quite
stable. Early Fourier spectral studies show that this is
due to the oxygen bonds (Si-O-Si asymmetric
stretching of interstitial oxygen in Si at the band of
1108 cm-1 and O3-SiH bending and stretching mode at
882 cm-1 and 2245 cm-1 absorption peaks) that are
already formed during the PS formation process during
stain etching [11, 13, 23,]. Le. in these samples’ local
radiative recombination levels, located in the band-gap
and associated with Si-O bonds, appear in the etchant
solution as PS is formed. As a result, despite the size
and porosity of silicon nanocrystallites (1.8-2.3 nm),
as-prepared stain-etched PS exhibit only red-orange PL
[21, 22].

A comparison of Fig.1 and Fig.2 shows that, upon
postetching of PS in various solutions of HF and KOH,
a similar transformation of the PL spectra occurs. In all
cases, the posttreatment leads to a significant shift of
the PL maximum from 1.85 eV to 2.1 eV (a—b, a—c,
a—d transitions). However, it should be kept in mind
that such a shift can be detected only immediately after
PS postetching, namely, only in as-prepared samples,
until atmospheric oxidation affects. This similarity
indicates the identity of the influence of various
etchants on the PL mechanism. It is known that both
dilute aqueous solutions of HF and alkaline aqueous
solutions very quickly remove the oxide layer from the
silicon surface [2, 5, 15 - 18]. Such a posttreatment of
the samples in the above-mentioned etchants leads to
the removal of Si-O bonds and, hence, to the removal
of the local radiative levels located in the band-gap of
silicon nanocrystallites. In the absence of these local
levels in the band-gap, recombination occurs through
band-to-band transitions, which is manifested in the
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shift of the PL maximum from 1.85 eV to 2.1 eV. It
should be noted that the position of the maximum of the
PL spectrum (~2.1 eV) after postetching does not
depend on the applied etchant, its concentration and the
duration of postetching. Those, the limiting value of the
maximum of the PL spectrum is always ~2.1 eV.
Rather, this is the limiting value of the maximum PL
which can be achieved in PC formed by
electrochemical or stain etching methods [2, 13, 23,
24].

When exposed to atmospheric air, another similar
transformation of the PL occurs (b—b', c—c', d—d'
transitions). Within a few minutes, the PL peak reverse
shifts from the yellow region (2.1 eV) to the low-energy
red region (1.85 eV). This indicates the fact that silicon
nanocrystallites are re-oxidized, which means that
radiative recombination levels are again formed in the
band-gap, leading to the observed shift of the PL peak.
Radiative recombination proceeds again through these
centers, regardless of the prehistory of sample
processing.

The comparison of Fig.1 and Fig.2, in addition to
the similarity in the shift of the PL maximum, also
shows their difference in intensity behavior. The same
reversible shift of the PL maximum red-yellow-red is
observed after postetching PS in dilute HF solution or
in alkaline KOH solutions followed by atmospheric
oxidation. However, while after additional etching in
HF solutions, the PL intensity remains almost
unchanged, after additional etching in KOH solutions,
the intensity noticeably decreases. Here, a different
etching rate of silicon and its oxide in these etchants is
manifested [2]. The posttreatment in a dilute HF
solution for short etching times leads only to the
removal of the oxide layer without changing the
average size of Si nanocrystallites. In this case, the
thickness of the luminescent layer almost does not
change, and therefore the luminescence intensity also
remains almost unchanged. In alkaline solutions, the
etching rate of silicon and its oxide is high and grows
with increasing concentration. As a result, when the PS
is postetched in alkaline solutions, the thickness of the

luminescent layer decreases, resulting in a reduction in
PL intensity. Since the rate of PS etching increases with
an increase in the concentration of KOH, the thickness
of the luminescent layer also decreases. Therefore, with
an increase in the KOH concentration, the intensity of
PL also decreases.

5. CONCLUSIONS

A comparative study of the effect of additional
etching in various etchants on the photoluminescence
of stain etched porous silicon was carried out. The PS
layers were obtained on the Si wafers by stain etching
in a HF:HNO3;:CH;COOH solution at oxidant
insufficiency. Immediately after formation all PS
samples exhibited red PL (~1.85 eV). All samples were
subjected to posttreatment in a dilute HF solution and
various alkaline solutions. It was revealed that such
posttreatment of the investigated samples always leads
to a shift in the maximum of their PL maximum from
the red (1.85 eV) to the yellow (~2.1 eV). This shift is
associated with the removal of oxide layers from the
surface of Si nanocrystallites and leads to the removal
of radiative recombination levels in the band-gap. The
removal of these levels leads to the predominance of
band-to-band transitions in the PL spectrum. When
exposed to air, the PL spectra transformed within 2-3
minutes due to atmospheric oxidation, and the PL
maximum shifted back to the red region (2.1 eV 1.85
eV). This proves the decisive role of oxygen bonds on
the PS surface in the PL mechanism. Despite the
similarity in the PL maximum behavior, the
posttreatment with various etchants affects its intensity
in a different way. After additional etching in a dilute
HF solution, the PL intensity remains almost
unchanged. The postetching in alkaline solutions leads
to a decrease in the PL intensity, and the higher the
concentration of the solution, the lower the PL
intensity. Such a change in the PL intensity is related to
the different etching rates of silicon itself in these
etchants.
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The effect of dielectric barrier discharge plasma before and after modification on thermo-physical properties of
composites based on high density polyethylene and boron nitride particles was studied. It has been established that with an
increase in the volume fraction of the filler, the entropy and enthalpy decrease, except for 3vol.% and 7 vol.%. The entropy
and enthalpy increase after the plasma while the critical temperature almost does not change. The degree of crystallinity

decreases after plasma treatment.

Keywords: boron nitride, high density polyethylene, dielectric barrier discharge plasma; difference of enthalpy and entropy

of composites, crystallinity.
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INTRODUCTION

Surface modification by electric discharge
plasma is one of the most interesting applications
compared with other techniques which require
vacuum conditions. Under electric discharge plasma
treatment, the polymeric surface undergoes a
functionalization  process which includes the
formation of various polar groups containing oxygen
[1-2]. Authors of the work [3] used the corona
discharge plasma technique to modify the properties
of low density polyethylene film. The results obtained
show good treatment homogeneity and an
improvement of adhesion properties by the
functionalization and etching of the film surface. In
the work [4], low pressure glow discharge O2 plasma
has been used in order to improve adhesion properties
and make it useful for technical applications of low-
density polyethylene (LDPE) film using differential
scanning calorimetry. The results show that low
pressure O2 plasma improves wettability in LDPE
films and no significant changes can be observed at
longer exposure times. The fluorine-containing
polymer composite filled with piezo-ceramics were
prepared by a hot pressing method in the work [5].
The significant increase of the surface energy and its
polar component of polyethylene porous films were
observed. The LDPE films modified by barrier
discharge plasma were investigated to improve surface
properties and adhesion of LDPE in the work [6/8]. It
was shown that the topography of modified LDPE was
significantly changed and the surface of modified
polymer exhibited higher roughness in comparison
with unmodified polymer. In the paper [7] plasma
processing of polymer films and particles is examined
by coating and noncoating plasmas. The authors
believe that the difference by a factor of three in the
etching rate between films in ammonia plasma is the
consequence of their quasi-crystalline arrangement,
compared to the amorphous PE films. In the paper [8],
modification of the surface properties of PE films is
studied using air dielectric barrier discharge plasma at
atmospheric pressure. It is shown that air plasma can
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dramatically improve the wettability of PE surfaces.
High-density polymer composites with semiconductor
or dielectric fillers were prepared by the hot pressing
method [9,10-15]. The results of the study indicate
that, with increasing filler volume fraction, the thermal
conductivity of the samples also increased.

Hexagonal boron nitride (h-BN) has high thermal
conductivity and chemical stability [16-17]. It is
widely used in engineering and refractory industries.
Its high chemical resistance, high thermal resistance,
high electrical resistance, lubricity, lightness, and high
thermal conductivity are the superior properties of the
hexagonal boron nitride and the reason of broad
application areas [18].

The goal of this work to study of the effect of
dielectric barrier discharge plasma on thermophysical
properties of high density polyethylene doped with
BN particles.

2. MATERIALS AND METHODS

We used high density polyethylene (HDPE) as a
matrix. Melting and softening points of polymer are
130-135°C and 80-90°C, correspondingly. The
hexagonal boron nitride particles with sizes of 2+8 um
were added into the fine powder of polyethylene with
different concentrations (3 vol. %, 5 vol. %, 7 vol. %,
10 vol. %, 15 vol.% and 20 vol.%). Then obtained
mixture was shaken in a vortex mixer for 1 hour at
room temperature, followed by sonication with
dispergator Ultrasonic Cleaner NATO CD-4800
(China) for 4 hours. Disc-shaped samples of
composites were obtained by hot pressing at
temperature of 165°C and pressure of 15 MPa.
Pressing time after reaching the selected temperature
is 15-20 minutes. The diameter and thickness of the
obtained films were 4 cm and 100 um, respectively.
The electric discharges were used as non-thermal non-
equilibrium plasma, which is termed surface micro-
discharges (SMD). The generation of SMDs at
ambient pressure is obtained from the dielectric-
barrier discharge (DBD) technology which is related
to the corona discharge family. The DBD treatment
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carried out on the set up described earlier in the work
[19-21]. In this case, the voltage of electric charge in
the cells equals 8 kV. The plasma is created in an air
layer of 2.5 mm. The exposure time of electric gas
discharge plasma is taken to be 0.5 hours.

The differential scanning calorimeter DSC 204
F1 (firm Netzsch, Germany) with the CC200 F1
cooling system regulating the flow of liquid nitrogen
was used to determine thermophysical parameters.
Argon was served to purge and to protect the cell at
the pressure of 50 kPa. The DSC204F1 and Proteus
Analysis software programmes were used to process
the results. The rate of temperature change was 10
K/min in the temperature range between 200C and
1500C. Exposure time was 30 min.

The critical temperature Tcr, at which the
composite changes from one state to another, is
determined by the local maximum of the heat flow
while the change in enthalpy AH is determined by the
expression

AH=k-AA, 1)

Pure HDPE

where k is coefficient characteristic of this
device, A is the area under the corresponding peak.
The entropy change AS during transition is defined as

_AH
TCI’ , (2)
The degree of crystallinity K is found according
to the expression:

B \AHh+AHC|

= 10
AH (100%cryst) B

where AHh and AHc are changes of enthalpy at
heating and cooling processes, correspondingly;

AH (100 % cryst) is the change of enthalpy at
100% crystallites of matrix. For high-density
polyethylene, the enthalpy change at 100%
crystallization is taken to be equal to 293 J/g.

AS

3. RESULTS AND DISCUSSION

Figure 1 shows DSC curves for both pure
polymer and composites with different filler
concentrations before and after discharge treatment.
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Fig. 1. Heat flow versus temperature for composites at various filler concentrations: (a) untreated sample at heating regime,
(a') plasma treated sample at heating regime, (b) untreated sample at cooling regime, (b’) plasma treated sample at

cooling regime.
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Fig 2. Dependence of critical temperature on filler concentration: (a) untreated sample at heating regime, (a') plasma-treated
sample at heating regime, (b) untreated sample at cooling regime, (b’) plasma-treated sample at cooling regime.
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As can be seen from the DSC thermogram
curves, the glass transition does not observe for pure
polymer as well as composites. There are only peaks
corresponding to transition from solid state to liquid
one and vice versa. The peaks of the curves
corresponding to cooling regime shifts to low
temperatures. This indicates that the transition to the
solid state of the composite occurs at lower
temperatures. To more clearly determine the change
for different filler concentrations, we plot the
dependence of the critical temperature Tcr on the filler
concentration  and  scanning  regime.  The
corresponding curves are shown in Figure 2.

140

As can be seen, melting temperature as well as
solidification one almost do not change except for the
composite with concentration of 3 vol.% after plasma
modification. Probably, the increase in the critical
temperature at concentration of 3 vol. % is associated
with a more uniform distribution of particles in the
polymer matrix. At cooling regime, a higher
concentration of filler induces the transition to solid
state at higher temperatures.

Figure 3 shows the dependence of the change
in enthalpy on the filler concentration during melting
and solidification of the samples.

10

f, .vol.%

Fig. 3. The dependence of the change in enthalpy on the volume concentration of the filler during melting and
solidification of the samples: (a) untreated sample at heating regime, (a’) plasma-treated sample at heating
regime, (b) untreated sample at cooling regime, (b’) plasma-treated sample at cooling regime.

The enthalpy of the exothermic transition
corresponding to melting according to the given
volume fractions increases after the plasma
modification. This is observed by the increase in the
areas of the peaks shown in the figure. This is
explained by the fact that more energy is required to
activate the limited segmental movements of polymer
chains after plasma modification.

As can be seen, the change in enthalpy during
melting and solidification decreases with increasing
filler concentration. At the same time, it is sharper at
low concentrations while it is slower at high
concentrations. The values of the enthalpy change
during the solidification process at the same filler
concentrations are less than during the melting
process. In addition, gas discharge treatment of the
samples increases the enthalpy change.

It is known that theenthalpy of fusion
(melting) of a substance is the energy that is absorbed
as heat from the body when it changes from solid state
to liquid state (an exothermic process) and it occurs
without raising the temperature for crystalline
substances. It serves to disorganize the intermolecular
bonds that hold molecules together. During curing, the
reverse process (endothermic) occurs in which heat is
removed from the substance. In this case,
intermolecular bonds are restored, and the temperature

|does not change. For crystalline substances, the
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change in enthalpy during melting and solidification
has the same value. The degree of crystallinity of
polymers is small, so the above regularities do not
apply to them [22]. Enthalpy is an extensive quantity,
that is, for a composite system; it is equal to the sum
of the enthalpies of its independent parts. Likewise,
the enthalpy change of the composite is also the sum
of the matrix and filler changes. The total change in
the enthalpy of barium titanate particles is small,
associated with a change in the symmetry group near
the same temperature. But the volume fraction of the
matrix, which has a sharp change in enthalpy,
decreases. Therefore, the overall enthalpy change of
the composite is reduced. These conclusions are in
good agreement with the experimental curves of the
change in enthalpy as a function of concentration.

The used technique of the barrier discharge
plasma modifies the composite not only on the
surface, but also in the bulk. This type of discharge is
accompanied by the formation of accelerated electrons
and ions, recombination radiation, active gas products
and the appearance of surface electron-ion effects. The
process occurs as a consequence of some breaks on
the polymer chain; this situation allows the occurrence
of some phenomena such as cross-linking, free radical
formation, etc., with dramatic effects on the final
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performance of polymeric materials. The surface of
composites could be oxidized when it is exposed to
oxygen environment. According to [6, 21, 23],
additional oxidized species appear and oxygen atomic
concentration increases. In particularly, ketone
[-(C=0)—] and acetal [-(O—C—O)—] carbons are
formed while the latter represents carboxyl
[-(C—0)—0O—] carbon. The formation of new

(1]

u

Crystallinity degree
w

connections contributes to the increase in the
crystallinity of the composite. This corresponds to the
experimental curves of crystallinity depending on the
concentration (Fig. 4). At the same time, the decrease
in the degree of crystallinity before and after
processing is associated with a decrease in the volume
fraction of polyethylene with an increase in the
volume concentration of the filler.

[]

10

(8]
[Vl

f,..vol.%

Fig. 4. Dependence of the degree of crystallinity on the volume concentration of the filler before (a) and after (a’)

action of the gas discharge.

The results obtained show that the degree of
crystallization decreases after plasma maodification
leading to an increase in the degree of amorphous. An
increase in the degree of amorphous leads to the
formation of stronger coordination bonds between the
polymer and BN due to the breaking of the polymer
chain during the plasma modification. The impact of
electrical discharge plasma on BN also causes the
destruction of its crystal lattice. Here, due to the
influence of oxygen-containing groups, BN is split
and its crystal structure is destroyed. As a result,
B203 with an amorphous structure is formed. It can
be seen from the graph obtained that the degree of
crystallization decreases after plasma maodification
[24]. It can be explained by the formation of a new
group with an amorphous structure in the composite.

| 4. CONCLUSIONS

It is shown that the critical temperature
practically does not change during heating and cooling
except for 3 vol.% after plasma modification. With an
increase in the filler concentration, the wvolume
fraction of the matrix decreases, which causes a
change in the entropy and degree of crystallinity. In
addition, there is an increase in entropy and enthalpy
during plasma modification, as well as a decrease in
the degree of crystallinity due to the formation of new
bonds due to the influence of oxygen-containing
groups. The particles decrease the degree of
crystallinity developed within the matrix due to the
constriction in the mobility of the polymer chains.
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DIELECTRIC RELAXATION OF ABSORPTION SPECTRA OF ISOPROPYL,
n-BUTYL AND ISOBUTYL ALCOHOLS IN MICROWAVE RANGE

S.T. AZIZOV
Institute of Physics of Ministry of Science and Education, H. Javid ave.,131,
Baku, Azerbaijan
e —mail: samir_azizov@mail.ru

The investigation results of dielectric constant &' and absorption coefficient ¢” of isopropyl, n-butyl and isobutyl
alcohols at wave lengths 3,22; 1,80 and 1,15 sm in temperature interval from —-50°C up to +50°C are given in the article. The
dielectric relaxation of absorption spectra of isopropyl, n-butyl and isobutyl alcohols is studied. It is shown that all studied
objects of high-frequency dielectric constants e, , of the additional absorption region have the bigger value than the square
of the optical refractive index.

Keywords: dielectric spectroscopy, dielectric relaxation, dielectric constant, isopropyl alcohol, n-butyl alcohol, isobutyl
alcohol.
PACS: 61.20. —p; 77.22. — d; 77.22.Gm;

INTRODUCTION The some data obtained for isopropyl, n-butyl
and isobutyl alcohols are given in the present work.
The dielectric constants €' and dielectric losses &" of
these alcohols at wavelengths 3,22; 1,80 and 1,15 cm
in temperature interval from 50 up to -50° C are
measured. The measurements are carried out on
installations made by us by Malov-Poly method
[4,5,6]. The error for the values of dielectric constants
¢ doesn’t increase 2-3% and for the values of
dielectric losses &" doesn’t increase 3-5%. The
measurement cell temperature with the sample is
supported with the help of the thermostat and the
cuprum is measured by the constantan thermocouple
with accuracy 0,3°C. The investigated compounds
after rigorous purification and drying are treated by
triple distillation on rectifying column.

Nowadays, it is established that the dispersion
low-frequency region of the electromagnetic waves in
the prime aliphatic alcohols can be well described by
the unique time of the dielectric relaxation in big
temperature intervals [1]. Besides, the data proving the
presence of additional absorption regions [2] are
obtained. However, these data are limited and related
to supercooled state because of which the problem of
additional absorption stays open. According to [2,3] at
room temperatures this absorption should be observed
in the range of centimeter and millimeter waves where
as it is known the carrying out of measurements is
connected with the big technical and method
difficulties.

The main aim of the present investigation is the
study of the some dielectric aspects of local structures
of the some aliphatic alcohols in microwave range, INVESTIGATION RESULTS
and also the study of absorption spectrum dielectric The measurement results of temperature
relaxation in the big temperature intervals. dependence of dielectric constants &' and dielectric

losses €" for isopropyl, n-butyl and isobutyl alcohols
THE MATERIALS AND INVESTIGATION aregivenintable 1.

METHODS |
Table 1
The temperature dependences of dielectric constants €' and dielectric losses €" for isopropyl, n-butyl and isobutyl
alcohols
Isopropyl alcohol n-butyl alcohol
3,22 cm 1,80cm 1,15cm 3,22 cm 1,80cm 1,15cm
t°C g g" g g" g g" g g" g g" g g"

50 3,95 168 | 3,28 | 1,40 | 3,10 126 | 326 | 124 | 3,05 | 1,04 2,88 | 0,94
40 3,46 138 | 325 | 1,17 | 3,04 107 | 321 | 1,04 | 3,01 | 0,90 2,83 | 087
30 3,38 113 | 321 | 09 | 300 | 090 | 318 | 0,87 | 296 | 0,80 2,80 | 0,77
20 3,33 094 | 318 | 081 | 29 | 0,78 | 314 | 0,75 | 292 | 0,70 2,77 | 0,68
10 3,30 0,79 | 316 | 0,70 | 2,92 067 | 310 | 066 | 2,88 | 0,63 2,73 | 0,61
0 3,27 0,66 | 312 | 061 | 288 | 059 | 3,06 | 058 | 286 | 055 2,70 | 0,52
-10 3,24 057 | 309 | 054 | 284 | 052 | 302 | 052 | 283 | 049 2,69 | 047
-20 3,22 0,50 | 3,07 | 0,51 | 281 046 | 298 | 046 | 2,80 | 044 264 | 043
-30 3,20 045 | 305 | 047 | 278 | 043 | 294 | 044 | 277 | 041 2,62 | 0,39
-40 3,18 041 | 3,03 | 044 | 2,77 042 | 291 | 042 | 274 | 0,39 259 | 0,37
-50 3,17 0,38 | 301 | 042 | 276 | 041 | 290 | 041 | 2,72 | 0,37 2,57 | 0,34
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Isobutyl alcohol
tec 322 cm 1,80cm 1,15¢cm
g g" ¢ g" g g"

50 3,11 1,19 2,96 0,94 2,75 0,85

40 3,04 0,97 2,91 0,80 2,71 0,76

30 2,98 0,80 2,87 0,69 2,68 0,66

20 2,94 0,64 2,83 0,59 2,61 0,57

10 2,91 0,54 2,79 0,50 2,58 0,48

0 2,88 0,47 2,76 0,43 2,56 0,41
-10 2,85 0,42 2,74 0,40 2,54 0,39
-20 2,83 0,37 2,73 0,35 2,53 0,33
-30 2,81 0,33 2,71 0,31 2,52 0,30
—-40 2,79 0,31 2,69 0,29 2,51 0,27
-50 2,76 0,30 2,67 0,28 2,50 0,26

Supposing the additivity of contributions of the
both dispersion regions into measured dielectric
constants ¢' and dielectric losses £", it is easy to show

v 80.1—830,12
1+(f/f0,1)

here &, and &, are the equilibrium and high-
frequency dielectric constant of the dispersion main
region correspondingly, foq is critical frequency of
this region, f is the frequency on which the
measurement is done.

)
N~

,8; =" — 80} €o0,1 (f/f()l)
1+ /f01

| that the values of dielectric coefficients corresponding
to dispersion second region are defined by the
following formulae:

)

The parameter values of the main region of
dispersion necessary for calculation corresponding
with data in the limits of test errors [2] are given in
table 2.

Table 2
The calculation values £y 1 and €,,; of equillibrium and high-frequency dielectric constants of the main region of
dispersion.
Isopropyl alcohol n-butyl alcohol
t | &, €wq | 1078f31 €002 10121, €1 €wp | 1078f51 | €xa | 1027,
°C Hz sec Hz sec
30 17,3 3,39 5,52 2,11 3,8 16,6 3,35 3,41 2,12 5,5
20 [ 186 | 343 | 400 [ 212 4,0 181 | 338 2,46 2,13 6,3
10 20,0 3,45 2,77 2,14 4,3 19,6 3,41 1,62 2,16 7,3
0 [2147] 348 | 171 [ 2,6 48 212 | 344 1,06 2,18 8,4
-10 | 23,0 3,52 1,05 2,18 5,6 22,6 3,48 0,69 2,20 9,9
—-20 | 24,7 3,56 0,663 | 2,20 6,5 24,3 3,53 0,43 2,22 12,5
-30 [ 26,4 | 359 | 0,389 | 2,22 7,5 26,0 | 356 0,25 225 [ 151
—-40 | 28,5 3,65 0,215 | 2,25 9,3 27,9 3,59 0,145 2,27 19,4
-50 | 30,7 3,70 0,110 | 2,28 10,8 29,8 3,64 0,080 2,30 24,0
Isobuty! alcohol
€01 € 1078f51,Hz €2 1021,sec
16,2 3,19 2,83 2,13 6,4
17,5 3,22 1,96 2,14 7,2
19,0 3,25 1,23 2,16 8,4
20,4 3,29 0,782 2,18 10,2
22,1 3,34 0,482 2,19 12,3
23,8 3,37 0,284 2,22 14,8
25,8 3,40 0,149 2,23 18,7
27,6 3,44 0,083 2,25 23,8
29,6 3,47 0,043 2,27 29,0
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The further calculation is easy to carry out with the help of graphic method. Coal - Coal diagram [8,9] for
the studied compounds at +20° and —20° C are shown in Fig.1.

06:%2  fc o’c 20°c a
04 e
o /\ Tt
0ol \ &
o348, 48 356

" " 2,12 2,16 2,20

2
06 20°C o’c 20°C b
04
02 '
00! &
’ . 338. 3#44. 353

e " 2,13 2,18 2,22

2
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04 ° . '
02 W_\ &
00 1

.  322—. 329 337

2,14 2,18 2,22

Fig.1. Coal-Coal diagrams: a is isopropyl alcohol; b is n-butyl alcohol; ¢ is isobutyl alcohol.

RESULT DISCUSSION

At diagram construction it is shown that low-
frequency limit of second region of absorption is equal
to high-frequency limit of the main dispersion. As it is
seen from the Fig.1 &, and &, values calculated by
formulae (1), are well lied on the semicircle arc with
the center below X-axis that shows on the presence of
symmetrical distribution of relaxation time near more
probable one. The distribution increase is observed
with the temperature decrease. The averaged
relaxation times t found from diagrams and also the
high-frequency dielectric constants &,,, of additional
absorption region are given in table 2. The spread
between values of relaxation time t found on the
different waves in average isn’t more 10 — 15%. Such
correspondence is well enough if we take under
consideration the error of parameter distribution of
main dispersion. The fact of the visible increase of the
value of high-frequency dielectric constants &, of

addition absorption region under the value of square
of optic refraction index of all studied objects attract
attention because of which one can conclude the
probable existence of one more high-frequency
absorption region.

CONCLUSION

The microwave dielectric absorption in
isopropyl, n-butyl and isobutyl alcohols in wide
temperature interval is studied. The high-frequency
dispersion region characterizing by the symmetrical
distribution of dielectric relaxation time takes place in
studied compounds. It is established that in all studied
regions the wvalues of high-frequency dielectric
constants ¢,,, of additional absorption region exceeds
the values of the square of optic refraction index from
which one can conclude the probable existence of one
more high-frequency absorption region.

[1] F. Kremer, A. Schonhals. Broadband Dielectric
Spectroscopy, Springer (2002) 729
[2] 1. Doroshenko, G. Pitsevich, V. Shablinskas.
Cluster structure of liquid alcohols: study by
vibrational spectroscopy (2012) 290
Yu.A. Gusev. Fundamentals of Dielectric
Spectroscopy Tutorial Kazan KSU (2008) 112
S.T. Azizov, O.A. Aliev, R.G. Abaszade.
Low-frequency dielectric properties of the
benzene-bromobenzene system AJP Fizika,
(2019) volume XXV Ne 2 section: En, 3 = 5
http:/physics.gov.az/physart/209 2019 02 03 en.pdf

(3]
[4]

33

[5] C.J.F. Bottcher, P. Bordwijk, Theory of Electric
polarization, Amsterdam (1978) vol. 2

[6] S.R. Kasimova, Measurements of the Dielectric

Properties of Strongly Absorbing Substances at

Microwave Frequencies, Measurement

Techniques. USA, New — York (2016) Vol.58,

Is. 12,1372 — 1375.

https://doi.org/10.1007/s11018-016-0901-9

[7] AJu. Ahadov. Dielectric parameters of pure
liquids M. (1999) 854.

[8] S.T. Azizov, G.M. Askerov. Investigation of the
equilibrium and dynamic characteristics


http://physics.gov.az/physart/209_2019_02_03_en.pdf
http://link.springer.com/journal/11018
http://link.springer.com/journal/11018
http://link.springer.com/journal/11018/58/12/page/1
http://link.springer.com/journal/11018/58/12/page/1
https://doi.org/10.1007/s11018-016-0901-9

S.T. AZIZOV

of the dielectric polarization of a [9] S.R. Kasimova. Measurement of dielectric

chlorobenzene- n-butyl solution AJP Fizika properties of highly absorbing substances at
(2020) volume XXVI Ne2 section: En, 15 - 17. microwave frequencies. Metrology Moscow
http://physics.gov.az/physart/250 2020 02_17 en.pdf Russia (2015) Ne4 60 — 65.

Received: 11.04.2023

34


http://physics.gov.az/physart/250_2020_02_17_en.pdf

AJP FIZIKA

2023

volume XXIX Ne 2. section En

LOSSES FOR PARAMETRIC INTERACTION IN MEDIUM WITH NEGATIVE
REFRACTION

ASMAR RASIM AHMADOVA
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An analytical expression was acquired for determining the optimal value of the pump intensity during three-wave
interaction in medium with negative refraction under the condition of phase synchronism. The losses for parametric
interaction in the metamaterial can be compensated for the backward wave. The optimal value for pumping intensity is
obtained by analytical solution. The analysis showed that it depends on the intensity of interacting signal and idler waves.

Keywords: metamaterial, parametric interaction, negative refraction.

PACS: 42.65ky, 42.61b, 42.55..
INTRODUCTION

The discovery of metamaterials contributed to
the emergence of the possibility of controlling light
radiation by changing the optical properties of such
artificial ~ structures. Resonant interactions, the
existence of backward waves, negative refraction in
chronological order were considered in the works of
G. Lamb [1], L.I. Mandelstam [2], D.V. Sivukhin [3],
V.N. Agranovich and V.L. Ginzburg [4], V.G.
Veselago [5] and others. [6].

One of the features of these materials is the
possibility within the same structure at the same time,
but for different frequency ranges, to ensure the
existence of both positive and negative values of the
real part of the refractive index of a nonlinear medium
(i.e., simultaneously negative values of the dielectric
(e dielectric permittivity) and magnetic permeability
(u magnetic permeability). Hence, the unconventional
result of the interaction of an electromagnetic pump
wave with a metamaterial manifests itself in the
nonlinear interaction of optical waves, for example, in
the generation of harmonics [7,8], as well as in the
generation of sum and difference frequencies. Then, if
the pump wave is in the frequency range with a
negative refractive index, and the harmonic wave is in
the frequency range with the opposite sign of the
refractive index, then the fundamental wave transfers
energy in the opposite direction to its phase velocity.
With such a geometry, the pump wave is known to be
a backward wave. In this case, the maximum intensity
of the harmonic is achieved not at the output, but at
the input to the nonlinear medium. This medium plays
the role of a nonlinear mirror. A similar conduction of
a nonlinear medium is manifested in the case of a
degenerate four-wave interaction when observing the
effect of wavefront reversal of laser radiation [9-11].

To date, thanks to the improvement of the
technology of manufacturing metamaterials, their
development from the radio range is moving towards
the visible range. In [12] they report on the results of
developments already in the near IR and in the visible
ranges of the spectrum.

In the constant field approximation a theoretical
study of the nonlinear optical interaction in such
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artificial structures was carried out in a number of
works, of which we note [9-15, 16-23]. In the
constant field approximation [15, 24, 31], we studied
the generation of the second and third harmonics, the
effects of self-action in a metamaterial [25, 26].

In classical electrodynamics, according to the
dispersion relations of Kramers - Kronig, which
determine the behavior of the optical constant of the
medium - the real (refractive index) and imaginary
(absorption coefficient) parts of the electrical
permeability of frequency, at the resonant frequency,
the absorption coefficient increases sharply, which
leads to significant energy losses of the
electromagnetic wave. Thus, there are inevitable
losses in  metamaterials that weaken the
electromagnetic wave.

The main problem in the study of metamaterials
is high losses. [7-10]. Various constructive variants of
metamaterials are being investigated, where it is
possible to attenuate signal losses. One of the ways to
overcome the losses is considered and proposed as a
result of the analysis in the constant intensity
approximation [12] in the work [13,14]. The influence
of losses in metamaterials for the case of four-wave
interaction is studied for the process of amplification
and generation of the reverse signal wave in the
constant intensity approximation.

The aim of this scientific work is to study of
phase effects in three-wave parametric interaction in
metamaterials, and also to compute the optimal study
of the pump intensity in a three-wave parametric
interaction in a metamaterial. The nonlinear optical
interaction in metamaterials has been studied in the
constant intensity approximation [8,9]. In the constant
intensity approximation the generation of the second
and third harmonics, self-action effects and parametric
interaction in metamaterials [27-30], four-wave
interaction in metamaterials [24, 29] were studied.

THEORY

Consideration is carried out for the case of
parametric three-wave interaction in a metamaterial at
a frequency w,. We believe that the properties of the
metamaterial are manifested for the wave at the pump
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frequency w, (w, = w; — w,;). We assume that the dA; ] CiAg
waves at the frequencies of the signal and pump waves dz —iyAsApe

run along the positive z axis. In the constant intensity
approximation,  parametric  interaction in a
metamaterial without taking into account losses, but at
different phase distances and initial values of the

dag . . i
= 8As = —ivsAidpe™ ()

intensities of the interacting waves at high-frequency d A

and low-frequency pumping, was carried out by us in B 5 A iypAiA’;eiAZ

[27, 28]. dz

The usual shortened equations for three .

interacting waves in a metamaterial take the form Here, A;;, the corresponding complex

[27]: amplitudes of the interacting waves, &; - are the
l absorption coefficients of the medium at frequencies

w; (=1.3),
- 87T)(effw & 87T)(effws & 87t)(effa)psp
' kicz ¢ k2 7P k,c?
- coefficients of nonlinear connection of waves at the | When constructing the second equation of

corresponding frequencies, A = k; — ks — k,, - phase  system (1), we took into account that the medium has

mismatch between interacting waves, Z(Z) - effective @ pegatiye refractive_ index at the frequency ws, SO &
) o eff minus sign appears in front of the loss factor in the

quadratic susceptibility of the medium, z=0 second equation.

corresponds to the entrance to the left of the The boundary conditions in this case are:

metamaterial. |

Ai,p(z =0) = Aio,pO,As(Z =1)= Ag. )

Ajopo- the input values of the waves at the sum | We apply the constant intensity approximation of
frequency and at the frequency of the pump wave at  the fundamental radiation, 1;,(z) =1I;,(z=0) =
z =0, A the initial amplitude of the wave at the const and for the intensity of the wave at the
difference frequency w, at the entrance to the difference frequency ws at the output on the left at z=0
metamaterial on the right. we obtain [30]:

|
2
exp|(6; + 6, — 6,)1] + Vs’w’p"(hjl)

I(z=0)=1Ig (5 5 s ) 2 3)
 + 8 +
chal + i s p shAl
2 A
here,
.. §;+85+68,)°
1272 = )/i)/slpo: GZ = )/S)/pIiO; Ijo = AjO * jO'] = 1 - 3, /1 = \/1—;,2 - 1—22 + %

In order to study the optimal generation mode with respect to the intensity of a strong pump wave, we take
the derivative of the output signal intensity on I, i.e.,

(yssliOI;0> sh/1l
dIs _ Isl

dl, !
po [( hl + &, Sh’”) l

A

As a result of mathematical transformations, we obtain

shAl , shAl\?], ,
a-|(5=) +sho- Ab] c=2|1+aly () |(XL-shal + 6,4b)

. shAl
A

shAl

- [(M) + 283 X'b|sX’ [1 +aly, ( ] (L-shal + &sb) @)
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Where made are the following substitutions:

yszlio
a=

b — chAl - Al — shAl
Isl .

AZ

Here, to simplify the calculations, we assume
that the real and imaginary input intensity values I,
are equal, i.e. I,p = Io. This does not limit the scope
of the problem and does not significantly change the
interaction analysis. By solving the right and left parts
of the obtained analytical expression separately, it will
be possible to numerically determine the optimal
value of the intensity I,, for each set of problem
parameters (phase mismatch, wave losses and pump
wave intensity (via the parameter I,7) and intensity of
the direct wave (via the parameter I;?).
This calculation can be required in the development of
parametric transducers based on metamaterials.

CONCLUSION

Thus, the paper considers, taking into account
phase effects, the parametric interaction of waves in a

shal
¢ =chal +6,——, 1 =

. (20— i)

R

quadratic medium, which is “left” for a signal wave.
The features of the process in this case are analyzed.
We performed an analytical calculation for the optimal
value of the pump intensity for three-wave interaction
in medium with negative refraction under the
condition of phase matching. It is shown that the
optimal value of the pump intensity depends on the
intensities of the interacting signal and idler waves.
This fact is not found in the constant intensity
approximation. By analytically solving the obtained
expression, one can calculate the optimal value of the
pump wave intensity for each set of problem
parameters (phase mismatch, wave loss, and pump
wave intensity (via the parameter I;?) and direct wave
intensity (via the parameter I;?).

This calculation can be required in the
development of parametric transducers based on
metamaterials.
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CHANGE OF MESOGENIC PROPERTIES OF LIQUID CRYSTAL 5CB AT THE
PRESENCE OF SILVER NANORODS
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Influence of silver nanorods on mesogenic properties of nematic liquid crystal 4- cyano-40-pentylbiphenyl (5CB) is
investigated by the methods of differential scanning calorimeter, polarization microscopy, and dielectric spectroscopy. It is
shown that the temperature of the nematic-isotropic transition increases. In this case, there is a decrease in enthalpy and

entropy of the phase transition at presence of silver nanorods.

Keywords: nematic liquid crystal; silver nanorods; polarization microscopy; differential scanning calorimetry; electric

conductivity; dielectric permittivity.
PACS: 64.70.mj; 64.70.pv; 77.84.Nh; 82.70.Dd.

INTRODUCTION

One of the rapidly developing fields of physics is
plasmonics. Plasmon resonance is very sensitive to the
environment  of  corresponding  nanostructures.
Therefore, the possibility of changing the optical and
dielectric properties of the medium is an effective way
to control the surface plasmon resonance. Liquid
crystals (LC) are suitable candidates for the role of
such media.

Dispersion of small amount (0.02 wt.% and 0.05
wt.%) of silver nanoparticles (NP) in nematic LC
increases cleaning temperature and the conductivity
anisotropy while threshold voltage decreases [1]. It is
shown in the work [2] that the existence of dipole—
dipole correlation could be the main reason of
decreasing of dielectric anisotropy at low
concentration (0.25 wt.%) of silver NPs in LC.
Methods of Raman spectroscopy and dielectric
measurements show that the inclusion of silver NP
(0.25 wt.% and 0.50 wt.%) in LC leads to the
modification in molecular polarizability of LC and a
decrease in magnitude of dielectric anisotropy [3].
Authors of the work [4] observed that the inclusion of
small concentration (1 wt.%) of gold NPs into nematic
LC decreases switch-on voltage and
the relaxation frequency due to internal local electric
field generated because of the relative permittivity
differences of gold NPs and LC material
Thermodynamical, dielectric, optical and electro-
optical characterisation of pure 8CB and its
composites with gold and silver nanoparticles have
been studied in the work [5]. It was shown that
clearing temperature, threshold voltage for Freederick
transition, switching voltage, splay elastic constant,
and the optical band gap decrease while ionic
conductivity, relaxation frequency and activation
energy increase. Dielectric anisotropy is almost
unchanged for both the nanocomposites. It is shown in
the work [6] that the dispersion of Ag NPs (0.5
wt./wt.%, 1 wt./wt.% and 2 wt./wt.% (into nematic LC
4’-(Octyloxy)-4-biphenylcarbonitrile leads to the
change in physical parameters such as dielectric
permittivity, photoluminescence, threshold voltage,
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response time and splay elastic constant. The AC
conductivity and threshold voltage of Ag NPs-
dispersed composite  system have increased
significantly.

The liquid crystal 5CB doped with alkylthiol-
capped gold NPs (0.1 -5 wt.%) has been investigated
in the work [7]. It is shown that the nematic—isotropic
transition of the composite decreases nearly linearly
with increasing concentration of NP. At this case, the
electrical conductivity of the system increases by more
than two orders of magnitude.

The negligible change is observed in the value of
birefringence for the lower doping concentration
(< 0.5 wt%) of silver nanorods in nematic LC by the
authors of the work [8]. The parallel and perpendicular
components of dielectric permittivity increase with the
addition nanorods. The conductivity increases at the
doping concentration of 0.2 wt% however decreases
with further increase in the doping concentration
because of the trapping of ionic impurities by of silver
nanorods.

The aim of the work is to study mesogenic
properties of liquid crystal 5CB at presence of silver
nanorods.

EXPERIMENTAL

We used nematic liquid crystal 4-cyano-40-
pentylbiphenyl (5CB) from the firm Merck with
positive dielectric anisotropy as a matrix. The
temperature range of the nematic phase of this LC is
usually located between 21.3°C and 35.2°C.

The  silver nanorods (US, Research
Nanomaterials, In.) had diameters of 2-5 nm and
lengths of 10-20 nm. They were dispersed into ethanol
then the mixture was added into the liquid crystal. The
obtained mixture was shaken in a vortex mixer for 6
hour at temperature 40°C until the ethanol is
completely evaporated, The resulting mixture with
concentration of 0.2 wt.% was induced by sonication
with dispergator Ultrasonic Cleaner NATO CD-4800
(China) for 4 hours.

The differential scanning calorimeter DSC 204
F1 (firm Netzsch, Germany) with the CC200 F1
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cooling system regulating the flow of liquid nitrogen
was used to determine thermo-physical parameters.
Argon was served to purge and to protect the cell at
the pressure of 50 kPa. The DSC204F1 and Proteus
Analysis software program was used to process the
results. The rate of temperature change was 5 K/min
in the temperature range between 0°C and 45°C.

The critical temperature T, at which the
composite changes from one state to another, was
determined by the local maximum of the heat flow
while the change in enthalpy AH was defined by the
expression:

AH=k-AA, @
where k is characteristic for this device, A is the area
under the corresponding peak. The entropy change AS
during transition was defined as:

_AH
=

The images of colloid textures were observed
under the Carl Zeiss polarisation microscope (model
720, Germany).

Dielectric and conductivity measurements were
carried out by the Precision LCR Meter 1920 (IET
Labs. Inc., USA) at the frequency of 1 kHz and at
temperature range between 22°C - 45°C. The cell had
a sandwich structure and consisted of two plane-
parallel glass plates whose inner surfaces were coated
with thin transparent and conductive indium-tin-oxide
(ITO) layer. Planar orientation of molecules was
attained by coating the inner substrate surfaces with
rubbed polyimide layers. For obtaining of
homeotropic orientation of LC molecules, we used the
surfactant (polysiloxane). The cell thickness was fixed
with calibrated 20 pm polymer spacers for
measurements. Both the colloid and the pure LC were
injected into the empty cell by capillary action at the
isotropic state. To increase the dispersion, the cells
with the colloid were placed at electric field of 40V to

AS @)

achieve turbulence and were kept for 2 days. In this
case, no aggregation of particles was observed. The
filled cell was kept in the special heater with
temperature regulator GL-100 (China). The copper-
constantan thermocouple was used for temperature
control. An accuracy of temperature determination
was 0.1°C. In such a case, applied voltage was 0.5V
for both LC molecular orientations. Electric capacity
C and dissipation factor (the loss tangent) D were
recorded by means of this device at frequency f of 1
kHz. The magnitudes of dielectric permittivity & were
defined as:

E=—,
Co

where Cq is the electric capacity of the empty cell. The
real €' and image €" parts of dielectric permittivity and
electric conductance o were calculated by the
expressions:

©)

(4)

®)

(6)

o =2rg,&"

RESULTS AND DISCUSSION

Figure 1 shows the DSC curves of both the pure
LC and the colloid at heating and cooling regimes.

First, it can be seen from Fig. 1 that the
pronounced DSC peak of the pure LC is observed at
the heating regime, the maximum of which conforms
with temperature of the transition from crystalline
phase to LC one while the corresponding peak is weak
at the cooling regime.

0.5

Heat flow. mW/mg

10 20

25

Temperature, °C

Fig.1. Dependence of heat flow on temperature: (a) the

pure LC at heating regime; (a’) the pure LC at cooling regime;

(b) the colloid at heating regime; (b’) the colloid at cooling regime.
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The DSC peak of the transition from the
crystalline to the liquid-crystalline state of the colloid
is not observed at the investigated temperature range.
It indicates that the presence of nanorods prevents the
corresponding transition. The critical point of the
phase transition from the LC state to the isotropic one
shifts to higher temperatures at both the heating|

regime and the cooling regime with the additive of
nanorods. Moreover, the transition temperature at
cooling regime is lower relative to the heating one. It
is obvious that there is overcooling of the material.
Figure 2 shows images under the polarizing
microscope of both the pure LC and the colloid near
the transition from the LC state to the isotropic one.

Fig. 2. Texture images under the polarizing microscope (1500 x magnification): (a) the pure LC at 34.1°C, (b) the pure
LC at 34.9°C, (c) the colloid at 38.3°C, (d) the colloid at temperature 39.2°C.

As can be seen, light anisotropic areas of the
pure LC texture gradually give way to dark isotropic
areas in the vicinity of the phase transition (Fig. 2a
and Fig. 2b). Filamentous light areas are observed for
the colloid at temperature of 38.3°C (Fig.2c), which is
much higher than the clearing temperature of the pure
LC. It indicates that anisotropic areas near the
nanorods are retained at this temperature. According
to [7], LC molecules rigidly adhere to the surface of
nanorods. This anchoring is maintained up to
temperature of 39.0°C. Thus, the clearing point shifts
to higher temperatures. It is also indicated by the
temperature dependences of permittivity and electrical
conductivity of the colloid (Fig. 3 and Fig. 4). It can
be seen from Fig. 3 that there are different values of
the longitudinal and transverse components of
permittivity of the pure LC up to 35.2°C. It indicates
that the substance exists in the liquid-crystalline state
at indicated temperatures. We also note that the
longitudinal component of the permittivity decreases
while the transverse component increases in
comparison with the corresponding components of the
pure LC. It indicates on a decrease in the dielectric

anisotropy and the order parameter which are
compatible with the results of differential scanning
calorimetry and polarization microscopy. After this
temperature, the transverse and longitudinal
components of the permittivity become equal. That is,
the molecules exist in a chaotic isotropic state. An
analogous situation is observed for the colloid but at
temperature of 39.0°C.

Similar analysis can be carried out for
temperature dependences of conductivity. Here, It can
also be seen that the equalization of the transverse and
longitudinal conductivity components for the pure LC
occurs at temperature of 35.2°C while it takes place at
temperature of 39.0°C in the colloid. That is, the
results of the measurements of the temperature
dependences of the conductivity of the pure LC and
the colloid agree with the previous experiments. We
also note that the additive of nanorods increases the
conductivity of LC. Obviously, it ensues owing to the
increase in the conductivity of the ionic and electronic
components because of the presence of metal
particles.

41



Dielectric permittivity

T.D. IBRAGIMOV, AR. IMAMALIYEV, G.A. MURADOVA

15

10

25

30 35
Temperature, °C

40

45

Fig 3. Temperature dependence of components of dielectric permittivity at the frequency of 2 kHz: (a) the longitudinal
component of the pure LC, (a’) the longitudinal component of the colloid, (b) the transverse component of the
pure LC, (b) the transverse component of the colloid.
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Fig. 4. Temperature dependences of specific conductance at the frequency 2 kHz: (a) the longitudinal component of the

pure LC, (2’) the longitudinal component of the colloid, (b) the transverse component of the pure LC, (b’) the
transverse component of the colloid.

Table 1 shows the numerical values of the critical | the isotropic state T, as well as the change in enthalpy
temperature of transitions from the crystalline to the  (AH; and AH») and entropy (AS: and AS;) at heating
liquid crystalline state T, and the liquid crystalline to | and cooling regimes calculated from Fig.1.

Table 1.

Values of the critical temperature of transitions from the crystalline to the liquid crystalline state T, and the
liquid crystalline to the isotropic state T as well as the change in enthalpy (AH; and AHy) and entropy (AS; and
AS) at heating and cooling regimes.

Ty, °C AH1, Jg ASy, T, °C AHz, J/g ASs,

mJ/g ‘K mJ/g ‘K
Pure LC heating 19.6 76.880 262.75 35.2 2.644 8.58
cooling 14.3 0.108 0.383 333 -2.642 -8.62
Colloid heating 0 0 0 39.0 2.315 7.42
cooling 0 0 0 37.7 -1.844 -5.93
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The change of thermodynamic functions is the
most interesting for transition from liquid crystalline
to isotropic state. As can see the change in enthalpy
when adding nanorods decreases in both regimes at
additive of nanorods. Moreover, it is less in the
cooling regime than in the heating one.

It is known that the change of enthalpy is the
energy that is absorbed or emitted as heat from a
substance when it changes from one state to another
and it occurs without changing of the temperature. It
serves to disorganize the intermolecular bonds that
hold molecules together. During curing, the reverse
process (endothermic) occurs in which heat is
removed from the substance. In this case,
intermolecular bonds are restored, and the temperature
does not change. A decrease of the change in enthalpy
at both in the heating regime and the cooling one,
indicates that the presence of nanorods reduces the
interaction between the molecules of the LC.

The entropy of phase transition is a measure of
the disorder of the substance accompanying this
transition. It is sensitive to change of the arrangement
of molecules and their configuration. As can be seen
from Table 1, the entropy of the transition decreases
with the additive of nanorods. It indicates on a
decrease in the difference of the disorder degree
between the liquid crystalline state and the isotropic
one due to the presence of nanorods. As a result, the
disorder of the liquid crystalline state of the colloid is
greater than the pure LC. It is consistent with the
results of dielectric measurements.

CONCLUSION

It was shown that presence of silver nanorods
increase the cleaning temperature and decreases of
enthalpy and entropy of transition from nematic phase
to isotropic on nematic liquid crystal 5CB.
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