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POLARIZATION PROPERTIES OF TlGaSe2 LAYERED SEMICONDUCTOR 

ORIGINATED FROM ELECTRICALLY ACTIVE NATIVE DEEP LEVEL DEFECTS  
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Parameters of electrically active native defect centers in TlGaSe2 layered semiconductor were investigated by means of the   

photo-induced current transient spectroscopy (PICTS). We found six deep defect energy levels in the band gap of TlGaSe2. These 

deep level traps localize both in the bulk of crystal and on the its surface and can be electrically charged. It has been shown that 

charged deep defects can be the cause of the electret behavior of TlGaSe2.  

Pyroelectric current measurements were applied to provide information on the internal electric fields occurred in the bulk and 

near-surface layer of TlGaSe2 single crystal and reveal the nature of the positive and negative contributions to the pyroelectric 

response of the pre-polarized TlGaSe2. It was shown that positive pyroelectric signal from TlGaSe2 was mainly determined by 

electrostatic field on the surface layer of sample poled near incommensurate phase above the Curie phase transition temperature; 

whereas negative pyroelectric response of TlGaSe2 was mainly originated from the internal electric fields focused in the bulk of 

crystal after crystal poling in paraelectric phase at cooling from 300 to  130 K. Discussed the possible origin of internal surface and 

bulk static electric field in TlGaSe2 attributed to bulk and near – surface localized native deep level defects. 

The photovoltaic properties of the layered ferroelectric - semiconductor TlGaSe2 near the edge absorption region for different 

contacts positions relative to illumination geometries have been measured in the low temperature range. Obtained results suggest the 

presence of native thin insulator layer at the surface of TlGaSe2 crystal.  

 
Keywords: photo - induced current transient spectroscopy, layered ferroelectric – semiconductor, deep levels. 

PACS: 71.55. Ht, 72.20.Jv, 72.80.Jc, 74.62.Dh, 79.10.-n 

 

1. INTRODUCTION 

 

The ternary layered chalcogenide TlGaSe2 is an 

important semiconducting material of the AIII BIII C2
VI  

family. According to publications [1, 2], it has direct and 

indirect band gaps to vary from 1.83 to 2.13 eV and from 

2.00 to 2.23 eV, respectively at 300 K for samples from 

different technological batches with a high 

photoconductivity in the visible light region. Nominally 

undoped TlGaSe2 usually reveals p - type conductivity 

and are characterized by high resistance. 

Native or intrinsic defects in TlGaSe2 layered 

semiconductor are imperfections in the crystal lattice of 

TlGaSe2 that involve only the constituent elements. 

Native defects in TlGaSe2 are known to introduce deep 

acceptor levels [3]. Native defects can profoundly alter 

the electronic structure near the band gap and control the 

electronic and optical properties of TlGaSe2 layered 

semiconductor. Hence, it is very important to understand 

the kind, the concentration and the electronic parameters 

of native deep level centers in TlGaSe2 for its successful 

applications in optoelectronic devices. Experimental 

studies of electronic transport properties of TlGaSe2 

semiconductor have demonstrated that TlGaSe2 is 

strongly compensated semiconductor in which there is a 

self - compensation of shallow donors by intrinsic deep - 

level defects states [4]. That is a reason why TlGaSe2 

layered semiconductor has a high resistance.  

Unlike shallow impurity levels, which control the 

magnitude and type of conductivity of semiconductors, 

deep level defects primarily control the charge - carrier 

life – time. Since transport and optical properties of 

TlGaSe2 are dominantly determined by thermally ionized 

deep acceptor defects, the influence of shallow defects 

becomes negligible.Most semiconductor materials have 

charge trapped on their surface at equilibrium conditions 

in the dark. Defects at a semiconductor surface can affect 

the electrical and optical properties of the surface through 

Fermi level pinning, band bending and carrier 

recombination. If surface defects have voltage - 

dependent characteristics they are charged under external 

bias electric field influence. The surface charge gives rise 

to the near - surface built - up electric field, which results 

in a near - surface space charge region. Visualization of 

the electrostatic effects induced from the surface charged 

defects using conventional experimental techniques have 

limits. In this paper we provide a simple method for the 

surface charged defects monitoring for the first time. 

TlGaSe2 exhibits various types of cooperative 

electric dipole effects [5-8]. TlGaSe2 is an improper 

uniaxial ferroelectric that undergoes the following 

successive phase transitions: from a paraelectric phase to 

the intermediate incommensurate phase (the ICN - phase) 

at Ti ~ 120 K and from the ICN phase to the ferroelectric 

commensurate (C) phase at the Curie transition 

temperature, Tc ~ 107 K. The paraelectric phase belongs 

to the monoclinic space group 𝐶2
6 . The commensurate 
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phase is characterized by coexistence of ferroelectric and 

a semiconductor property with spontaneous polarization is 

along the monoclinic          b axis.  

TlGaSe2 can be considered as an example of native 

quasi-two-dimensionality material with low density 

dangling bonds on cleaved surfaces and minimal surface 

roughness. The absence of free unsaturated electron bonds 

on the cleavage surface allows obtaining high - quality 

cleavage surfaces as compared with other semiconductor 

materials.  

Recent studies have shown that TlGaSe2 undergoes a 

temperature - induced phase transition near the surfaces at 

temperatures slightly higher than in the bulk. Surface 

phase transition in the TlGaSe2 takes place at ~ 135 K and 

is accompanied by changing of the surface electrical 

conductivity and permittivity [9 - 11]. This surface phase 

transition affects also the optical properties of crystal, 

giving rise to IR reflectance spectra of TlGaSe2 [12].  

The aim of this work is to study these defects and to 

determine their influence on the pyroelectrical properties 

of TlGaSe2. In this scope, we used Photo – Induced 

Current Transient Spectroscopy (PICTS) technique. This 

method allows to determine the microscopic electrical 

properties of the defects that are the thermal ionization 

energy and capture cross – section.  

Electrical polarization or electrets state from voltage 

- induced charging of the native deep level defects in 

TlGaSe2 which act as the source of permanent internal 

electric field due to the charge storing properties 

preserves inside TlGaSe2 for a long time. To investigate 

the internal electric fields from voltage - induced charged 

native deep level defects in TlGaSe2 pyroelectric current 

measurements in TlGaSe2 were utilized. It was found that 

the electrostatic charging of deep level defects in TlGaSe2 

by applying a potential difference between sample 

electrodes may be simply investigated from pyroelectric 

current measurements.  

In this paper also, the photovoltaic spectrum of 

layered TlGaSe2 was analyzed in two geometries: front 

and back. In the first case Au contacts replace on the 

illuminated surface, in the second case - on the opposite 

surface. Our experimental results predicate that TlGaSe2 

ferroelectric – semiconductor is an inhomogeneous 

ferroelectric - semiconductor with native thin insulator 

(dielectric) layer.  

2. EXPERIMENTAL PROCEDURE 

 

The starting polycrystalline materials were 

synthesized from elements Tl, Ga and Se of 5 N purity in 

conical quartz ampoules. The ampoules were charged 

with quantities of Tl, Ga and Se in the ratio corresponding 

to the stoichiometry. The charged ampoules were then 

evacuated to a pressure of 10
-3

 Pa and sealed. The 

synthesis was carried out in a horizontal furnace at a 

temperature of     1073 K for 48 h.  

Single crystal of TlGaSe2 was grown by the 

modified Bridgman method. The samples for the 

measurements were taken from the middle part of the 

ingots. Ingots were cleaved perpendicular to the c – axis 

using a fine blade, no further polishing and cleaning 

treatments were required. The electrical resistivity of the 

ingot was measured to be around 10
5 

Ω cm at room 

temperature. The investigated TlGaSe2 wafers cut from 

the ingot had  2 mm thick and    20 mm
2
 surface area. 

The chemical composition of the studied crystal was 

determined by the energy dispersive spectroscopic 

analysis using a scanning electron microscope (SEM). 

The energy dispersive X - ray (EDX) analysis performed 

at room temperature confirmed the formula composition 

of the undoped TlGaSe2. The SEM inspection also 

showed that the TlGaSe2 sample involved an insignificant 

percentage of background impurities, such as carbon, 

oxygen and silicon. Results of the EDX analysis are 

presented in fig. 1.  

All electrical measurements were performed using 

the liquid - nitrogen optical cryostat. The sample was 

mounted on the cold finger of the cryostat by a                      

non - conducting varnish. 

 The temperature was controlled by temperature 

controller with an accuracy of ± 0.1 K. The photovoltaic 

spectra of the sample were measured employing a 

monochromator and Keithley 617 Electrometer to record 

the short - circuit photovoltaic signals from the crystal. 

Measurements were carried out using computer interfaced 

instruments. The incident light was provided by 100 W 

tungsten halogen lamps. For measurements, two top and 

two backside gold electrodes were sputtered into the 

freshly cleaved surfaces by the vacuum deposition 

method in the gap geometry.

 

 
 

Fig. 1. The results of the EDX analysis of TlGaSe2 performed in the SEM. 
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Thin copper wires were attached to the electrodes by 

high - purity silver paste drop for circuit connection. 

During front illumination experiments, two top Au - 

electrodes were always kept in the dark to prevent the 

influence of any electrical contact photovoltage. 

The pyroelectric properties of TlGaSe2 were studied 

by quasi - static method in the shorted - circuit regime. 

Different TlGaSe2 sample (rectangular in the form with 

thickness  3.2 mm and surface face area  7 x 5 mm
2
) 

with electrode faces perpendicular to the polar [010] axis 

was used for pyroelectric measurements. The temperature 

was changed under linear temperature heating with a 

uniform rate of  15 K/min and pyroelectric current was 

measured using a high precision digital Keithley - 485 

picoammeter coupled to a computer. The electronic grade 

silver paste was painted onto the surface faces of the 

sample to form electrodes. Two thin wire terminals were 

used as external leads to make the sample free and to 

avoid any stress on it.  

The pyroelectric current (𝑖𝑝 ) measurement consisted 

of two steps: the polarization procedure and 

depolarization procedure. In the first step, a sample was 

electrically polarized under an applied bias electric field ~ 

500 V/cm by cooling in darkness from the room 

temperature to different an off - temperature (𝑇𝑜𝑓𝑓  = 280, 

270, 260, 250, 240, 137.5, 135, 130, 127.5, 125, 115, 100 

K) using high voltage power supply. The applied electric 

field was kept until the sample was cooled to 𝑇𝑜𝑓𝑓 . After 

cooling to 𝑇𝑜𝑓𝑓 , the applied electric field was released and 

the sample was cooled down to 77 K. After the 

polarization procedure, the polarized sample was 

depolarized by thermal stimulation. The sample was 

connected to an ammeter and then heated at a constant 

heating rate. The pyroelectric currents accompanying the 

depolarization were measured at the heating process. 

Photo induced current transient spectroscopy 

(PICTS) employing sub - bandgap excitation pulses is 

used for studying defect levels in high - resistivity 

materials as TlGaSe2 [13 - 19]. To obtain information 

about the native deep levels in TlGaSe2 sample the photo 

induced current transients are recorded between 77 K and 

350 K. From the temperature dependence of the thermal 

relaxation times, the activation energy (𝐸𝑡) and the 

capture cross-section (𝜎𝑡) of the native deep level were 

calculated.TlGaSe2 sample with a parallel contacts 

geometry was used. Both contacts were on the lateral 

sides of the sample and the region between the contacts 

was illuminated to produce the photoconductive response. 

The indium contacts were soldered to the lateral sides of 

the sample. The metallic contacts were ohmic ones. The 

spacing between two indium electrodes was about 2 mm. 

The measuring circuit was typical for photocurrent 

investigation. A bias voltage of 50 V was applied across 

the sample contacts.  

The registration of photoresponse decays was 

performed over the temperature range of 77 – 350 K in a 

temperature step of 1 K on heating. The sample was 

mounted in vacuum inside a liquid – nitrogen - cooled 

cryostat with a transparent entrance window. The sample 

was placed on massive aluminum cold finger of the 

cryostat. The Hell 700 temperature sensor is attached to 

the sample holder near the sample for monitoring its 

temperature, and also connected to a temperature 

controller. A heater attached to the sample holder enables 

temperature control from 77 to 350 K using a 

programmable heating rate. The heating rate was 2 K / 

min. The measurement is based on the fact that during the 

light pulse empty carrier traps are filled with generated 

photocarriers, leaving an increase in majority carrier 

concentration and resulting in an increase in conductivity. 

Thermally stimulated processes then cause emission of 

the trapped minority carriers, which induces a decay of 

the photocurrent. Current transients are recorded at 

various temperatures and analyzed in a way similar to that 

used in deep level transient spectroscopy to obtain the 

trap release kinetics.  

 A Xenon lamp was used as the light source Light 

from a Xenon lamp was monochromated before being 

irradiated on the sample. The sample excitation was 

provided by monochromatic light with wavelength          

1051 nm that corresponding to a photon energy 

𝜈 ~ 1.36 eV (less than the fundamental absorption edge 

of TlGaSe2) with the scan range Δ𝜈 = ∓0.03 eV. 

Photon with energy 𝜈 ~ 1.36 eV is not completely 

absorbed near the sample surface and this excitation is 

uniform throughout the bulk of TlGaSe2. Thus photo - 

excitation pulse corresponds to a good detectable 

photoelectrical response of the TlGaSe2 crystal. The 

photon flux density was 10
15 

cm
-2

s
-1

 at the sample surface. 

The frequency of pulse excitation was equal to 20 Hz with 

light-to dark duration in the ratio of 1:5. The duration of 

excitation pulse was 30 μs.  

The illumination light was perpendicular to the layer 

plane of the crystal. The light beam is tightly focused on 

the optical chopper to minimize the cut - off time of the 

light beam. The transient signal from the sample during 

the dark interval is captured at each selected temperatures 

and processed online using data acquisition and control 

software. The photocurrent transients were normalized 

with respect to the photocurrent amplitude at the end of 

the light pulse. The experimental setup was described in 

[20]. 

A home - made data acquisition system with 

preliminary processing and registration of transient data 

on a personal computer was used. Point wise 

accumulation and averaging were carried out across 64 

realizations of photoresponse decay containing 2000 

samplings located at a fixed time interval Δt = 62 μs. 

Taking into account the ferroelectric nature of the crystal 

the photo response transient was monitored and recorded 

also. A conventional Deep Level Transient Spectroscopy 

(DLTS) technique was applied for the photoresponse 

transient analysis using a rectangular lock - in weighting 

function. The data registration allowed the 

characterization of relaxation times in the range of  0.2 to 

20 μs with regard to the selected conditions. 

 

3.        RESULTS 

3.1.     PICTS. Principles and Theoretical Background.  

 

PICTS was originally proposed to determine the trap 

energy level and capture cross section of deep defects in 

high - resistivity materials [13-21]. The principle of 

PICTS technique have been reported in numerous studies 

[13-21]. It is the variant of DLTS method [22], where the 
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light excitation is used to creation of defects filling by               

non-equilibrium charge carriers. In this technique, a 

voltage is applied between two ohmic contacts on the 

sample. Electron - hole pairs were generated in the entire 

depth (by choosing the appropriate wavelength of the 

light) of the sample by a light pulse. During this 

illumination time period the defects (electron and hole 

traps) will be filled by carriers generated by light, this 

process is called the filling process of the traps. 

Immediately after removal of the optical pulse at 𝑡 = 0, 

electrons and holes trapped in the defects will now emit 

and drift in the electric field when 𝑡 > 0. The process is 

called the emission of the charge carriers from the traps. 

A rapid decrease in the current flowing through the 

sample owing to the recombination of free photocarriers 

is observed followed by a slower current transient owing 

to the thermally stimulated release of carriers from traps. 

This current transient is the source of the PICTS signal 

[13-21].  

As a result the investigation of electrical activity of 

defects in high - resistively or semi insulating materials is 

allowed. Under the investigation of semiconductors with 

ferroelectric properties it is important that light impulse 

with suitable photon energies can change the defects 

charge state without significant perturbation of crystal 

domain structure. The last case take place under applying 

the conventional DLTS technique of defects filling by 

using electrical field or current impulses that is not 

applicable for our study. 

To obtain information about the deep levels of a 

semiconductor with PICTS, the thermal relaxation times 

𝜏𝑖  must be calculated from the time dependence of the 

photoinduced current transient 𝐼 𝑡  [21-23]: 

 

                          𝐼 𝑡 = 𝐼0 +  𝛾𝑖
𝑒−𝑡 𝜏𝑖 

𝜏𝑖

𝑛

𝑖=1

,                           1  

 

where 𝑛 is the number of distinct deep levels, 𝐼0 denotes 

the dark current and the coefficient 𝛾𝑖  specifies the 

contribution of each level to the photo-induced current. 

When the light excitation is switch off, the thermal 

emission of trapped carriers from the defects is governed 

by the physical process of thermal detrapping, with a 

characteristic time constant that depends strongly on the 

temperature. The temperature dependence of the thermal 

relaxation times is inversely proportional to the emission 

rate 𝑒𝑡  which is given by [21]: 

 

 𝑒𝑡 𝑇 =
1

𝑔
𝜎𝑡𝑣𝑡𝑁𝑐𝑒𝑥𝑝  −

𝐸𝑡
𝑘𝑇  = 

 

           = 𝜎𝑡𝑇
2𝐵𝑒𝑥𝑝  −

𝐸𝑡
𝑘𝑇   ,                            (2) 

 

where g is degeneracy factor; 𝑣𝑡  is thermal velocity; 𝑁𝑐  

is effective density of states in the conduction band; 𝜎𝑡  is 

the apparent capture cross – section of the trap levels; 𝐵 is 

a temperature independent factor; 𝐸𝑡  is the activation 

energy of the recharging defect, 𝑘 is Boltzmann constant, 

𝑇 is the absolute temperature. From equation (1) the 

activation energy 𝐸𝑡  and capture cross - section 𝜎𝑡  can be 

extracted by applying the conventional procedures of 

DLTS analyze [22] to the set of collected transient data. 

Namely, the slope of the Arrhenius plot was used for an 

estimation of 𝐸𝑡 . Estimation of effective capture cross - 

section was determined from the intersection point of the 

Y - axis and extrapolated Arrhenius plot. The 𝑇2 

correction was used in accordance with equation (1).  

Thus for each of the deep level traps detected in 

TlGaSe2 the temperature dependence of the thermal 

emission rate was drawn and fitted with the Arrhenius 

formula.  

 

3.2.    Characterization of Traps  
 

 
    

Fig. 2. PICTS spectra of TlGaSe2 corresponding to the listed     

          characteristic relaxation times. The spectra are normalized  

          to the height of the maximal peak and shifted along Y –    

          axis.   
 

Fig. 2 shows the PICTS spectra of the higher 

resistivity undoped TlGaSe2 sample in the temperature 

range from 80 to 330 K corresponded to different 

characteristic relaxation times, where six major peaks 

labeled as A1 - A6 are present. 

  

 
 

Fig. 3. Rate of charge carrier emission from deep level traps in      

           TlGaSe2 as function of temperature by taking into  

           account 𝑇2 correction. Solid lines represent the fitting to    

           experimental data.  
 

The Arrhenius plots ((𝑙𝑛(
𝑒𝑡

𝑇2 ) versus103/𝑇)) of 

the six traps are shown in fig. 3 and the resulting 

activation energy and the apparent capture cross section 

of traps        A1 - A6 are reported in table 1. While 

evaluating 𝜎𝑡  the effective mass of holes was taken 0.14 

𝑚0 [24]. The error associated to the activation energy has 

been calculated from a chi - squared fitting procedure to 

 



POLARIZATION PROPERTIES OF TlGaSe2 LAYERED SEMICONDUCTOR ORIGINATED FROM ELECTRICALLY ACTIVE..... 

7 

each data set of the Arrhenius plot and resulted to be 

approximately 4%. Also, the temperature ranges ∆0𝑇 for 

detected signals from traps are presented in the first 

column of the Table 1. 

 

                                                                                                                                                 Table 1.  

Trapping parameters of TlGaSe2 layered crystal 

   

 
 

 

It is worth noting that, PICTS measurements have 

also revealed the presence of signal from trap located at        

T ≥ 320 K. The last defect signal signature is not 

considered in the present study, because we have focused 

our attention on an analysis of the carrier traps which emit 

at 80 – 300 K temperature, as these are the native deep 

levels which mostly affect the electrical properties of 

TlGaSe2.  

The position of maximum of deep trap levels A1 and 

A2 on the temperature scale of PICTS spectra corresponds 

to the temperatures of phase transition temperatures in C 

and INC – phases, respectively [4 - 11]. The shift at the 

temperature position of the maximum in the set of spectra, 

which corresponds to various characteristic relaxation 

times, is good when compared to the thermal activation of 

emission from the defects that are filled under photo 

excitation. It should be noted that, it is not possible to 

determine the signs of the carriers trapped by centers 

(electrons or holes) in PICTS technique. We proposed 

that the detected defects are the traps of majority carriers 

since such trap centers are mostly observed in highly - 

resistive semiconductors having a wide band gap [14].  

 

3.3       Pyroelectric Response from the TlGaSe2 crystal 

 

The spontaneous polarization of ferroelectrics 

changes with temperature most rapidly in the vicinity of 

the phase transition point, so for monodomain samples the 

sharp maximum observed in the temperature dependence 

of the pyroelectric current is associated with the Curie 

temperature, 𝑇𝑐 . The basic formula for pyroelectric 

current (ip) measurements is [25]:  

 

                      𝑖𝑝 𝑇 = 𝛾𝑆
𝑑𝑇

𝑑𝑡
,                          (3) 

 

where 𝛾 is the pyroelectric coefficient, 𝑆 the electrode 

area, and 𝑑𝑇 𝑑𝑡  is the heating rate.  

Assuming a second order phase transition [26], with 

a continuous temperature decreasing of the spontaneous 

polarization (it becomes zero at the transition 

temperature), then the temperature variation of the 

pyroelectric coefficient is [27]: 

               𝛾 = −
1

2  
𝛼

𝛽
  𝑇𝑐−𝑇 

,                             

(4) 

where 𝛼 and β are the coefficients of the free energy 

polynomial expansion in the Ginzburg – Landau theory of 

ferroelectric phase transitions [26]. According to eq. (3) 

and (4), the pyroelectric current will have a discontinuity 

at the ferroelectric phase transition temperature.  

Pyroelectric current measurements were performed 

in a temperature range covering the phase transition 

temperatures in TlGaSe2. The results are presented in   

fig. 4-7. All curves presented in fig 4-7 can be divided in 

three parts.  

The temperature dependence of pyroelectric current 

for TlGaSe2 together with a background ip(T) 

corresponding to unpoled sample (after the zero field 

cooling) are seen in fig. 4. This is a first part of the 

results. Fig. 5 shows that the pyroelectric response of 

TlGaSe2 is nearly the same for unpoled regime and for the 

sample poled by applied bias from room temperature to 

280 and further up to 250 K. 
 

 
 

Fig. 4. Temperature dependence of the depolarization current of        

           TlGaSe2 for unpoled sample.  

 

As a whole the positive pyroelectric signal with 

small sharp negative piece in the vicinity of Tc in heating 

runs is the common characteristic of all first part result. In 

other words, the post - poling pyroelectric activity of 
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TlGaSe2 near Tc are the same as for unpoled sample. It 

can be concluded that external electric field applied to 

crystal at cooling from room temperature up to 250 K was 

freeze in the crystals when the poling field is removed 

from sample. 

 

 

 
 

 
Fig. 5. Temperature dependence of pyroelectric current generated in TlGaSe2 after sample poling under external electric 

bias field 200 V/cm at cooling from room temperature to: (a) 280 K; (b) 270 K; (c) 260 K and (d) 250 K.  

                       The heating rate was 15 K/min: 

 

 
     

 
Fig. 6 - Same as Fig. 5, but the sample was poled from room temperature to: (a) 240 K; (b) 137.5 K; (c) 135 K and (d) 130 K. 
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Fig. 7 - Same as Fig. 5, but the sample was poled from room temperature to: (a) 126.5 K; (b) 125 K; (c) 115 K and (d) 110 K.. 

 

As the poling process proceeds from room 

temperature to 240 K and further up to 130 K the 

pyroelectric response of TlGaSe2 is completely negative 

by approaching to the Curie transition temperature in 

heating regime, as shown in fig. 6. We note, that the 

monodomain state in TlGaSe2 was obtained during poling 

crystal in paraelectric phase, that is temperature regions 

higher that the Curie temperature. This is a second part of 

the results. 

 The variation of ip with temperature for third part of 

results is depicted in fig. 7. This series of the pyroelectric 

current measurement were carry out for the TlGaSe2 

sample poled by applied bias field from room temperature 

to 127.5, 125, 115 and 110 K, respectively. The most 

common feature of these results is the positive sharp and 

very large pyrocurrent maximum around the Curie 

transition temperature observed during the heating run. 

By short circuiting poled TlGaSe2 sample with an 

electrometer and applying to crystal a constant heating 

rate, we don’t expect to find the pyrocurrent sign 

changing in pyroelectric current measurements. The next 

questions arise: 

1) What is the bias electrostatic field source 

responsible for the TlGaSe2 crystal unipolarity in the 

ferroelectric phase, when the polarizing field was 

switched off at temperatures more far from the Curie 

point?  

2) Why does a negative pyroelectric signal record 

when the poling process covers the temperature interval       

~ 130 – 240 K only? 

Thus, it has been experimentally verified that the 

pyroelectric response of TlGaSe2 crystal greatly 

dependents on the poling prehistory. This means, that 

unipolarity of TlGaSe2 in the ferroelectric phase is 

provided by the internal electrostatic fields built up into 

crystal over the poling process even if the poling electric 

field was removed from sample in paraelectric phase that 

is at temperatures more far from 𝑇𝐶 .  

Electroactive materials, which are able to retain 

electric polarization over a long period of time and to 

create an internal static electric field, are known as 

electrets        [28, 29]. The term electrets was proposed 

over a century ago to describe a material that is the 

electrostatic equivalent of a magnet [28, 29]. Electrets 

properties have been reported in insulators and 

semiconductors materials          [28-31]. It is well known 

that electrets behavior of dielectric and semiconductor 

materials arises from both the dipole orientation and the 

charge storage.  

It is generally accepted that electret states in 

ferroelectric - semiconductors crystal submitted to an 

external electric field may be originated from hetero – and 

homocharges [28-31]. An internal electric field created by 

temporary residual space charges accumulated in the trap 

levels in the regions directly adjacent to the electrodes 

(surface electric field) as well as in bulk region of the 

crystal [28-31]. An internal electric field created by 

heterocharges formed near the surface region of crystal 

has the same direction as the polarity of the voltage 

applied on the sample. An internal electric field created 

by homocharges formed in the bulk region of crystal has 

the direction opposite to the direction of applied polarity. 

Suppose the polarity of the poling voltage applied to 

the sample during electret formation is positive with 

respect to the ground. If total pyroelectric current is 

positive, it is produced by a heterocharges (with a polarity 

opposing that of the electrode), and if the pyroelectric 

current is negative, it is due to a homocharges. 
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The electret states in ferroelectric – semiconductors 

were found to depend on the deep level defects [30, 31]. 

The presence of defects promotes the formation of dipoles 

formed by charging deep level traps. Orientation of 

dipoles is chaotic without the applied field, while in its 

presence, quasi dipoles are oriented in the direction of 

applied field. This built – in internal electret field is far 

from being completely disappear even after a long time 

because discharged processes have a low speed at low 

temperatures.  

Self - polarization of TlGaSe2 crystal due to charged 

trapping centers produce the pyrocurrent signal that 

exhibit anomalies in the region of phase transitions as it is 

shown in figs. 5 - 7. Note that the poling procedure for 

normal ferroelectrics always requires application of a 

strong external electric field inside the ferroelectric phase. 

Self - polarization of TlGaSe2 occurs outside the 

ferroelectric phase and pretreatment of crystal under high 

external electric fields within the ferroelectric phase can 

be avoided. An internal electric field appeared in TlGaSe2 

sample above 𝑇𝑐  due to charge deep level defects is higher 

than the coercive field at Curie temperature.  

As regards the heterocharges produced in the 

TlGaSe2 sample surface upon application of an electrical 

field, a property of great importance for this material. As 

will be shown below, the real TlGaSe2 is non - 

homogeneous sample having different electrical and 

dielectric properties near the surface region and in the 

bulk. The two - layer condenser (parallel - plate capacitor) 

model should be considered in this case, which can lead 

to the redistribution of the surface and bulk internal 

electric fields inside TlGaSe2 and thus to change the sign 

of the pyroelectric current during heating. 

 

3.4. Photovoltaic response from the TlGaSe2  

       crystal 

 

Fig. 8 (a) shows typical representation of spectral 

distribution of photovoltaic signal in the front 

illumination geometry of TlGaSe2 crystal in the 400 - 700 

nm wavelength range. It can be seen from the fig. 8 (a), 

that the photovoltage shows a broad peak at ~ 655 nm. 

The observed photovoltaic peak can be attributed to 

exciton absorption according to existing data [32].  

The photovoltaic response of TlGaSe2 in the 

backside illumination geometry plotted against the 

wavelength of the incident light is shown in fig. 8 (b). 

Well - defined oscillations over the photo - wavelengths 

ranging from 400 to 700 nm are observed with periods ~ 

100 nm. Oscillations of photocurrent in thin plates of 

layered semiconductors are well known and can be easily 

explained taking into account the interference of the light 

in the thin semitransparent film [33]. However, 

oscillations shown in fig. 8 (b) cannot be due to 

interference of light beams reflected from the front and 

back surfaces of the sample. Really, simple estimations of 

interference period ∆𝜆 based on the well - known 

formula ∆𝜆 = 𝜆𝑚  𝜆𝑚±1 2𝑛𝑑  (where n is the refractive 

index of material; 𝜆 is the wavelength of light and m is the 

order of interference; d is the thickness of the parallel 

crystal plate [33]) show that observed period (∆𝜆 ~ 100 

nm) is at least three orders of magnitude larger than the 

expected value taking into account the real thickness of 

the sample d. Only very thin layer with refractive index, 

n, different from that of bulk TlGaSe2 can give the 

interference pattern with such a big period. Taking into 

account the average values for refractive index of 

TlGaSe2 crystals known from the literature [34], the 

approximate value for the thickness of proposed thin layer 

near the surface of the crystals is obtained to be some 

portions of the micron. 

 
 

 

 
 

Fig. 8. Open – circuit photovoltaic spectra of TlGaSe2 in: (a) the     

           front illumination geometry at room temperatures; (b) the   

           backside illumination geometry at 𝑇 < 130 K.  

 

So we can propose the existence of some thin layer 

near the surface of TlGaSe2 sample with physical 

parameters (refractive index, resistivity, dielectric 

function, conductivity and etc.) different from those for 

the bulk part of the sample. According to our data, 

oscillations of photoresponce can be registered only at 

temperatures lower than ~ 130 K. Described properties of 

the thin layer are very close to the properties of 

ferroelectric dead layer discussed in the literature [35, 36]. 

In our opinion, it is the high quality of the surfaces of 

layered ferroelectric crystal TlGaSe2 that allows 

registering the dead layer in this crystal in a simple way. 

 

4.     SPACE CHARGE AND INTERNAL FIELD    

        DISTRIBUTION IN TlGaSe2 

 

We consider a very simple model location of 

internal static electric fields in two - layer condenser [37]. 

Although the model presented here is probably quite 

artificial, since dielectric medium within of this model is 

supposed to be consisting of two different parallel 
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dielectric layers instead of three for dead layer model, 

there is a good chance to elucidate the salient features and 

the specific details of our experiments in the framework 

of the simplest parallel - plate capacitor.  

It is necessary to underline that TlGaSe2 ferroelectric 

– semiconductor is a native inhomogeneous ferroelectric. 

Dielectric properties of such inhomogeneous ferroelectric 

in a radio frequency should be identified in the frame of 

Maxwell – Wagner relaxation process. In our previous 

study, we successfully employed a Maxwell – Wagner 

polarization model for analyzing the dielectric relaxation 

characterization of TlGaSe2 ferroelectric - semiconductor 

over a broad frequency range in the temperature region      

140 – 200 K [10, 11].  

Let us to consider a parallel plate capacitor with a 

heterogeneous dielectric medium occupying the entire 

space between the two parallel fixed electrode plates. A 

heterogeneous dielectric medium may be presented as set 

of the bulk dielectric plate having the dielectric 

constant 𝜀𝑏 , conductivity 𝜎𝑏 , the thickness 𝑏  and surface 

dielectric layer characterized by dielectric constant 𝜀𝑠, 
surface conductivity 𝜎𝑠, and thickness 𝑠, respectively. If 

the capacitor is suddenly excited by a power supply with 

the source bias voltage 𝑈0, the electrodes are charged 

instantaneously and static electric field distribution in two 

dielectric plates will correspond to the electrostatic 

requirement of constant flux density. 

     

   𝐷𝑠 = 𝐷𝑏       or    𝜀𝑠𝐸𝑠 = 𝜀𝑏𝐸𝑏                      (5)                                       

 

where 𝐸𝑆  and 𝐸𝑏  static electric field intensity in surface 

and bulk dielectric plate.  

     Expressions for the electrostatic field in two 

dielectric layers are: 

 

         𝐸𝑠 =
𝜀𝑏𝑈0

𝑠𝜀𝑏+𝑏𝜀𝑠
   and    𝐸𝑏 =

𝜀𝑠𝑈0

𝑠𝜀𝑏+𝑏𝜀𝑠
      (6) 

 

(the permittivity of free space is equal to 1 as in CGS - 

units). Noting that in the presence of the source voltage 

𝑈0 the voltage distribution between faces of two 

dielectrics are:  

 

            𝑈0   = 𝑈𝑠 + 𝑈𝑏 = 𝐸𝑠𝑠 + 𝐸𝑏𝑏               7  

 

From (2) one can find that  

 

                                  
𝐸𝑠

𝐸𝑏
  =

𝜀𝑏
𝜀𝑠

                                     8  

 

As a result, the local electrostatic field occurring in 

surface and bulk dielectric layer is inversely proportional 

to their dielectric constant at moment, when the 

heterogeneous dielectric is subjected the power supply. 

Next we examine the electrostatic field distribution 

in surface and bulk dielectric layer when the excited 

source voltage is applied to the two - layer condenser for 

the long time. The final distribution of electrostatic fields 

between layers finds from the condition of current 

continuity.  

 

                𝑗𝑠 = 𝑗𝑏       or    𝜎𝑠𝐸𝑠 = 𝜎𝑏𝐸𝑏                 9  

 

From eqs. (3) and (5) it follows that:  

 

𝐸𝑠 =
𝜎𝑏𝑈0

𝑠𝜎𝑏 + 𝑏𝜎𝑠
 and 𝐸𝑏 =

𝜎𝑠𝑈0

𝑠𝜎𝑏 + 𝑏𝜎𝑠 
 

 

                                                                10  
The final (even when the power supply is 

disconnected from the capacitor) relation between 𝐸𝑠 and 

𝐸𝑏  electrostatic field intensity depends on the conductivity 

of the layers, but it is always the dielectric constant of the 

layer is proportional to it conductivity (from (2) and (6)). 

 

                   
𝜀𝑠
𝜀𝑏

=
𝜎𝑠
𝜎𝑏

       or      
𝜀𝑠
𝜎𝑠

=
𝜀𝑏
𝜎𝑏

             11  

 

It can be found from (6), the drastically increase of 

𝜎𝑠 in the surface layer region due to, for example, phase 

transition on the surface will accompany by 

predominance of 𝐸𝑏  electrostatic field intensity conserved 

in the bulk of the crystal. We shall discuss this situation 

next.  

It is natural to speculate that TlGaSe2 is 

inhomogeneous crystal. At this case we have two types of 

internal biasing fields of different source and direction, as 

it follows from the expressions (6) or (10). The internal 

biasing field is terminated at the thin surface layer of 

TlGaSe2 causes to appear of the pyrocurrent signal which 

is rising in the positive direction. The main source of this 

field is the heterocharges: both injected from electrodes 

and accumulated near the electrodes, and the deep trap 

levels together with their oppositely charged counterparts. 

These charges create a sufficiently strong local surface 

internal electric field that causes the polarization of 

TlGaSe2 crystal during the cooling to ferroelectric phase. 

The sample is still fully polarized after crystal poling 

from room temperature to below  130 K. That means 

that surface internal field implies the majority role in 

comparison with the imprinted bulk internal electric field. 

The internal bias field frozen in the bulk region of 

TlGaSe2 responsible for the unipolarity of sample in the 

ferroelectric phase can produce a pyrocurrent rising in the 

negative direction during heating run. During the poling 

process of TlGaSe2 at cooling from room temperature          

to  240 K and further up to  130 K the Eb becomes 

larger than Es. Thus the negative pyroelectric current is 

associated with bulk frozen bias field which may be 

originated from space charge accumulated on deep 

trapping carries centers, for example intrinsic defects, 

which should always be present in real crystals. 

As we mentioned previously, the eq. (10) defines the 

final distribution of 𝐸𝑠 and 𝐸𝑏  electrostatic fields after a 

sufficiently long period of time when the initial voltages 

is removed from sample and after the short circuit has 

been applied to the sample. According to the expression 

(10), the condition 𝐸𝑏 > 𝐸𝑠  gives 𝜎𝑠 > 𝜎𝑏  (or 𝜀𝑠 > 𝜀𝑏  as 

it follows from the expression (7)). If we assume that in 

the temperature region ~ 130 - 240 K the conductivity of 

surface layer is much higher than that of the bulk of 

crystal then we can fully interpret our experimental 

results. We may thus conclude that negative pyrocurrent 

response of TlGaSe2 is associated with drastically 
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increase of surface conductivity (or dielectric constant 

(11)) of crystal in the temperature region ~ 130 - 240 K.  

The reduction of the surface conductivity (or 

dielectric constant) below ~ 130 K must lead to 𝐸𝑠 > 𝐸𝑏 . 

A steady at very long time internal biasing field in the 

thin surface layer of TlGaSe2 could exist, if it is an 

unpolarized surface layer. Such unpolarized surface layer 

doesn’t compensate external electrostatic field created by 

charges injected from electrodes. In the ideal case, this 

surface layer substance should have zero conductivity or 

dielectric constant ɛ = 1. Such properties are inherent a 

dead layer on the ferroelectric surface. Keeping in the 

mind described phenomena it is possible to assume 

formation of insulator (deal / depletion) layer at the 

surface of TlGaSe2 crystal in the ferroelectric phase. 

 

5.     DISCUSSION OF EXPERIMENTAL RESULTS 

 

Analysis of the experimental results enables us to 

draw the following conclusions. The negative sign of the 

pyroelectric current peak around the Curie phase 

transition observed after sample poling in the temperature 

regions well above 𝑇𝑐  (figs. 5 and 6) indicates that built - 

in electric field within TlGaSe2 are mainly produced by 

deep level trapping centers A3 – A6. These are native 

bulk deep level defects which are localized in crystalline 

regions. The origin and nature of A3 – A6 deep trapping 

centers is not known to date.  

The native A3 – A6 deep level defects can form a 

complex system of electrical dipoles which are aligned 

upon poling conditions. Mobile carriers captured by these 

deep trapping centers generate macroscopic internal 

electric field inside the TlGaSe2 which promote self - 

poling of the sample in the ferroelectric phase. Thus, deep 

level trapping centers A3 – A6 impact the negative 

pyroelectric current profile of TlGaSe2 after poling of the 

crystals in the temperature regions from 300 to 130 K. 

The pyroelectric response of TlGaSe2 originated from A3 

– A6 deep level trapping centers is analogous to the 

influence of homocharges.  

It should be mentioned that as for unpoled and poled 

in a temperature range of 300 – 260 K TlGaSe2 the 

pyroelectric current peak had a part in the positive 

direction at the Curie temperature as it can see from fig. 4 

and fig. 5. In fact, it is rather a combination of 

pyroelectric current due to the effective internal field 

localized at the surface and in the bulk of crystal that is 

from a hetero – and homocharges. This behavior may be 

explained if we consider that injection of carriers during 

electret formation in the paraelectric phase (300 – 260 K) 

will also cause a polarization in areas near the electrodes. 

An important point to note is that the sign of the charge is 

the same as that of the corresponding forming electrode, 

i.e. they are heterocharges. Such physical mechanism of 

polarization is called space - charge polarization [28-31]. 

A pyroelectric current peak at 𝑇𝑐  from frozen – in space - 

charge polarization at the surface of TlGaSe2 must have 

positive direction. Comparison of the experimental data 

shows that the internal field originated from the injected 

charges and mainly deposited in the surface or near - 

surface region close to the electrode boundaries of 

TlGaSe2 during the poling process mentioned above gives 

a small contribution in positive value of pyrocurrent peaks 

at  𝑇𝑐 . 

Finally, we discuss the behavior of pyrocurrent 

shown in fig. 7, where the TlGaSe2 sample was polled 

across temperature region that includes the ICN – phase. 

Note that the poling procedure for normal ferroelectrics 

always requires application of an external polling field 

inside the ferroelectric phase that is below 𝑇𝑐 . 

It needs to be pointed out that average polarization 

inside ICN – phase must be zero because the ICN - phase 

possesses the center of inversion symmetry [26]. This 

means that during poling process the external electric 

field does not induce aligned polarization inside                            

ICN – phase. In contrast, our results support the existence 

of a coupling between the bias electric field and the 

aligned polarization inside ICN – phase. We may 

anticipate that the major contributions in retained 

polarization of the             ICN – phase comes from A2 

defects.  

The origin and nature of A2 deep trapping center is 

not known too. However, we would like to briefly discuss 

the microscopic properties of the A2 deep level defect. It 

can be seen from fig. 6 that pyroelectric current peak 

always has positive polarity, without any negative 

component when the TlGaSe2 sample is cooled under the 

external poling field across the temperature range of ICN 

– phase. It can be concluded that A2 trapping centers are 

deep charged defects localized near the surface region of 

TlGaSe2.  

Due to a lack of translational symmetry, TlGaSe2 

layered crystals within the temperature region of the 

existence of ICN – modulated phase are the examples of 

aperiodic or quasiperiodic crystals, i.e. the basic structure 

with space group symmetry has a periodic modulation 

with wave vectors not belonging to the reciprocal lattice 

of the basic structure [26].  

     As a consequence of the structural distortions, the 

static dielectric constant of TlGaSe2 inside the ICN – 

phase has the giant (𝜀 ~ 1500) value [38]. It is well 

known that the ionization energy of the traps is inversely 

proportional to the dielectric constant of the medium. 

Thus, a substantial amount of mobile charges can be 

trapped by A2 deep level traps within the ICN – 

modulated phase. In the presence of an external electrical 

field, the dipole moments of the charged A2 deep level 

traps become aligned in the direction of external electric 

field and thus the electrets state is established. This built – 

in internal electrets field is far from being completely 

disappear even after a long time because discharged 

processes have a low speed at low temperatures. Self - 

polarization of TlGaSe2 due to A2 trapping centers 

produce the positive depolarization signal at the Curie 

temperature as it is shown in fig. 7. Thus, self - 

polarization of TlGaSe2 occurs outside the ferroelectric 

phase and pretreatment of crystal under high external 

electric fields within the ferroelectric phase can be 

avoided. An internal electric field appeared in TlGaSe2 

sample above 𝑇𝑐  due to charged A2 deep level defects is 

higher than the coercive field at Curie temperature.  

The next questions arise:  

1. Why does the pyroelectric current magnitude 

presented in fig. 7 be in about 40 times more than ones in 
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figs. 5 and 6, if the TlGaSe2 sample was cooled under the 

same external poling field? 

2. Why does the polarity of depolarization current 

from internal electret field originated from A2 deep level 

centers be positive, while the polarity of pyroelectric 

current peak from the internal electric field originated 

from another deep level traps (A3 – A6) either fully 

negative or demonstrated the negative component, despite 

the fact that the TlGaSe2 sample was cooled under the 

same external poling field.  

As it was concluded from pyroelectric and 

photovoltaic measurements reported above, the TlGaSe2 

layered crystal is non – homogeneous medium with 

different ratios of thickness, dielectric and conductivity 

properties near the surface and in the bulk.  

The presence of native thin insulator layer at the 

surface of TlGaSe2 crystal at 𝑇 < 130 𝐾 was assumed 

from above - mentioned experimental results. If the 

TlGaSe2 sample is non – homogeneous then the majority 

part of the external poling voltage will be applied to thin 

surface layer.  

Therefore, charged A2 deep level traps will be 

affected by much strong external applied electric field 

than ones to A3 – A6 defects localized in the bulk of 

crystal.  

Thus, for non - homogeneous TlGaSe2 compound, 

the magnitude of a pyrocurrent peak will strongly depend 

on the surface thin film thickness where A2 deep level 

traps are polarized and frozen - in during the poling 

process. 

Under the influence of the very strong surface 

polarization field more vacancies will transport into the 

surface regions. Thus, great number isolated vacancies 

coming into the electret surface region will form 

heterocharges.  

After removing external poling field the reordered in 

the direction of the applied field dipoles at the surface of 

TlGaSe2 will take place. Thus, the higher resistive space 

charge layer will be induced in the surface or near - 

surface region of TlGaSe2 at the temperature of 𝑇 < 130 

K.  

The separation of the charged deep trap centers and 

vacancies near the surface region of TlGaSe2 it is 

necessary, because of contribution of the carries injection 

from the electrodes under external poling field in the 

formation of surface heterocharges is minor.  

In our opinion, vacancies in TlGaSe2 are the                   

Se – vacancies. A second chemical defects which may be 

responsible for surface heterocharges after poling the 

sample at 𝑇 < 130 K are the oxygen ions migrations from 

the surface of material to the bulk regions.  

The presence of the small oxygen content has been 

revealed in all TlGaSe2 samples [9] (see also fig. 1). The 

concentration of oxygen vacancies at 𝑇 < 130 K can be 

significantly increase and thereby increase the surface 

polarization of TlGaSe2 sample from heterocharges.  

 

6.     CONCLUSIONS 

 

In this study, we report on the formation of an 

internal electric fields in TlGaSe2 and its effect on the 

pyrocurrent peak at 𝑇𝑐 . We demonstrate that the internal 

electric field generated by native deep level traps 

localized both in the bulk and near the surface region of 

TlGaSe2. The TlGaSe2 was also studied by PITCS 

measurements at different temperatures. Using PITCS 

measurements, six deep energy trap levels in TlGaSe2 

were observed. The activation energy of all deep centers 

and their cross sections were determined.  

The contribution of each charged defect in polarized 

properties of TlGaSe2 was identified from the pyroelectric 

current studies. It was shown that native deep defects         

A3 – A6 are localized in the bulk of crystal. The negative 

sign of the pyroelectric current peak observed around the 

Curie phase transition after sample poling in the 

temperature regions well above 𝑇𝑐  (in the paraelectric 

phase) are originated from the self – polarization of 

TlGaSe2 under internal electric fields which were created 

by these deep level trapping centers.  

We demonstrate that the positive pyrocurrent peaks 

observed at the Curie point are attributed to the self – 

polarization of TlGaSe2 under internal electric field 

formed from charged A2 native deep level defects which 

are localized near the surface region of TlGaSe2 A2 native 

traps have the activation energy and the capture cross 

section 0.26 eV and 2.8 x 10
 ̶ 13

 cm
2
 and active in 

temperature region of the INC – phase existence. The ICN 

- phase as a medium with giant and stable dielectric 

constant can be responsible for the ionization of A2 deep 

defect.  

The unusual photovoltaic spectrum was observed in 

layered ferroelectric TlGaSe2 in ferroelectric phase. 

According to estimations such spectrum can be due to 

thin (parts of micron) film lying near the surface of the 

sample and having physical characteristics different from 

those of the bulk part of the sample. We suppose that high 

- resistivity TlGaSe2 material is an inhomogeneous 

ferroelectrics with thin depletion surface layers.  

By analyzing the polarity and magnitude of 

pyrocurrent peak observed at 𝑇𝑐  after crystal poling by 

cooling from 300 to 127.5, 125 and 155 K we suggest the 

positive sigh of pyrocurrent peak is caused by the positive 

internal field from A2 surface deep level defects. The fact 

that we do not observe the negative component in the 

pyrocurrent peak at the Curie point confirms that 

mentioned peak was produced by space - charge 

polarization of surface dipoles from heterocharges. The 

immobilized space charges (electrons and holes), A2 

native deep level charged traps and their oppositely 

charged counterparts, there can be vacancies or ions 

which drift toward the surface (or migrates from the 

surface to the bulk regions) by the strong external electric 

fields applied to the thin native insulator part on the 

surface of TlGaSe2. 
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Current-voltage (I–V) and capacitance–voltage (C–V) characteristics of the unirradiated and irradiated Au/P3HT/n-Si Schottky 

diode were analyzed. It was seen that the values of the barrier height, the series resistance, and the ideality factor increased after 

electron irradiation. 

The diode parameters such as ideality factor, barrier height, interface state density and series resistance were calculated from 

the forward I–V characteristics. The values of the ideality factors for before and after irradiation are calculated  as 2.04 and 2.36, 

respectively The interface state density Nss obtained from the forward bias I–V ranges from 3.62x1011 to 1x1012 cm-2 eV-1 for the 

unirradiated and 5.04x1011 to 2.07x1012 cm-2 eV-1 for the irradiated situations, respectively. 

 

Keywords: Metal semiconductor-structure , conductive  polymer, P3HT, electron irradiation. 
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1.      INTRODUCTION 

 

The metal-semiconductor (MS) structures are of 

important applications in the electronics industry. Due to 

the technological importance of SBDs, a full 

understanding of the nature of their current–voltage (I-V) 

and capacitance–voltage (C–V) characteristics is of 

greater interest It is well known that the electrical 

characteristics of a Schottky diode are controlled mainly 

by its interface properties [1;2].  

Conducting polymers possess chemical and physical 

properties that exceed those of many other materials. 

These materials can be used in different condensed matter 

physics applications, such as organic light-emitting 

diodes, organic field effect transistors, Schottky diodes, 

photovoltaic and solar cells. P3HT has been one of the 

most studied conducting polymers because of its physical 

and electrical properties, ease and cheapness of 

fabrication. P3HT has specific properties such as a good 

mechanical flexibility, high hole mobility and is stable in 

the atmosphere. The conducting polymer interfacial layer 

in metal-polymer-semiconductor (MPS) structures play an 

important role on the determination of the main electrical 

and dielectric parameters [3-7].  

The presence of the polymer interface layer makes 

them rather sensitive to irradiation. These devices are 

exposed to high-level radiation, significant changes can 

occur in their electrical characteristics. Therefore, it is of 

interest to investigate the damage defect centers 

introduced by irradiation and to study their effect on the 

performance of these types of semiconductor devices. In 

this work, we present results of a study on the effect of 

irradiation on the electrical characteristics of an 

Au/P3HT/n-Si Schottky barrier diode (SBD).  

The characteristics of the Au/P3HT/n-Si SBD, 

before and after irradiation, were investigated using 

current–voltage (I–V), capacitance–voltage (C–V) 

measurement techniques. 

 

2.     EXPERIMENTAL PROCEDURES 

 

n-type Si semiconductor  wafer with (100) 

orientation and 280 µm thickness was used before making 

contacts, the wafer was chemically cleaned using the 

RCA cleaning procedure (i.e.10 min boil in H2SO4 + 

H2O2 followed by a 10 min HCl + H2O2 + 6H2O at 60
0
C) . 

It was immersed in diluted 20% HF for 60 s. The wafer 

was rinsed in                 de-ionized water of resistivity 18 

MΩ cm with ultrasonic cleaning in each step. Finally, the 

sample was dried by exposing the surfaces to high-purity 

nitrogen. The ohmic contact with a thickness of ~1500 Å 

was made by evaporating 99.9% purity Au metal on the 

back surface of the n-Si substrate, then was annealed at 

550°C for 3 min in N2 atmosphere. Front surface of 

samples were coated with a conducting polymer poly(3-

hexylthiophene) (P3HT) (fig.1) film by spin coating 

(VTC-100 ) with 1200 rpm for 60 s.  
 

 
 

Fig. 1. Molecular  structure  of  P3HT. 
 

After that rectifier Schottky contacts were formed on 

the other faces by evaporating ~2000Å thick Au. All 

evaporation processes were carried out in a vacuum 

coating unit at about 5.1x10
-6

 Torr. Thus, Au/P3HT/n-

Si/Au sandwich Schottky barrier type diode was 

fabricated. The I−V measurements were performed using 

a Keithley 6517A electrometer and C−V measurements 

were carried out at room temperature with a Keithley HP-

4194 C−V Analyzer.   

mailto:fizikasimov@gmail.com
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All measurements were controlled by a computer via 

an IEEE–488 standard interface so that the data 

collecting, processing and plotting could be accomplished 

automatically. 

 

3.     RESULTS AND DISCUSSION 

 

3.1. Current–Voltage Characteristics of Au/P3HT/n-Si 

Schottky Barrier Diode 

  

The experimental I–V data are analyzed by the well-

known TE equation at forward bias [1,2]: 

 

        I = I0 exp















 









V

kT

q

nkT

qV
exp1                    (1) 

                                                                                           

where I is the measured current, V is the applied voltage, 

q is the electronic charge, n is the ideality factor that 

describes the deviation from the ideal diode equation for 

reverse bias as well as forward bias, k is the Boltzmann’s 

constant, T is the absolute temperature in Kelvin, I0 is the 

saturation current derived from the straight line intercept 

of lnI at zero-bias and is given by 

                           

                                                                                                                           

                                                                                                                                        

                 (2)                  

 

 

where q is the electronic charge, A the effective diode 

area, A* is the effective Richardson  constant and equals            

120 A cm
-2

K
-2

 for n-type Si, k is the Boltzmann constant, 

T is the temperature, Φb0 (I-V) is the zero bias barrier 

height and n is the ideality factor. From Eq. (1), ideality 

factor n can be written as

                                                                  

      

                           (3) 

 

 

n equals to one for an ideal diode. However, n has usually 

a value greater than unity.  

                                                                                                                         

0,0 0,2 0,4 0,6 0,8 1,0

0,0

5,0x10
-5

1,0x10
-4

1,5x10
-4

2,0x10
-4

 unirradiation

 irradiation

C
u
rr

e
n
t 

(A
)

Voltage (V)
 

 
Fig. 2. The current-voltage characteristics of the Au/P3HT/n-Si       

            Schottky diode. 

 

Φb is the zero-bias barrier height (BH), which can be 

obtained from the following equation 

 

                     

                    (4) 

 

 

The values of the ideality factor and the barrier 

heights have been calculated. The values of the barrier 

heights for before and after irradiation (2.4 kGray) are 

calculated as 0.77 and 0.80 eV, respectively.  

Furthermore,  the values of the ideality factors for before 

and after irradiation are calculated  as 2.04 and 2.36, 

respectively. It is seen that the values of the ideality factor 

has increased after irradiation. Due to electron irradiation, 

the defects can be created in the crystal lattice and this 

causes an increase in the ideality factor. The higher values 

of the n may be attributed to either recombination of 

electrons and holes in the depletion region, 

inhomogeneities of P3HT film thickness or the increase of 

the diffusion current due to increasing the applied voltage. 

The irradiation of materials by high-energy particles is 

known to introduce lattice defects and the semiconductor 

properties are sensitive to defect concentrations [15,16]. 

The both forward bias I–V characteristics of the 

Schottky diode are linear but deviate considerably from 

the linearity due to some factors at large voltages, one of 

the factors is series resistance (Rs).The series resistance 

(Rs) of diode are important parameters which influence 

the performance of the diode. The Rs values have been 

calculated by using a method developed by Cheung and 

Cheung [12]. Cheung’s function has been defined as 

 

               H(I)=V-n 
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Fig. 3. The H(I) vs. I curves of the Au/P3HT/n-Si/Au Schottky   

          diode. 

          

The H(I) vs. I curves are shown in fig. 3. The Rs and 

Φb0 values were calculated from the slope and intercept of 

H(I) versus I plot and were found to be 2241 Ω and            

0.85 eV, respectively. This is considerable higher due to 

the series resistance and the film properties of conducting 

polymer P3HT.  
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Furthermore, Norde proposed an alternative method to 

determine value of the series resistance. The following 

function has been defined by the modified Norde’s 

method [13]: 

  

             F(V) = 

















2*TAA

I
Ln

q

kTV


            (7)

                               

 

 

where γ is the first integer (dimensionless) greater than n. 

That is, according to our results, the value of γ is 4. The 

I(V) is the value of current taken from the I–V curve. 

Once the minimum of the F versus V plot is determined, 

the value of barrier height can be obtained from Eq. (8). 

 

                Φb = F(V0) + 
2

0V

q

kT
          (8)

                          

 

 

where F(V0) is the minimum point of F(V) and V0 is the 

corresponding voltage. Fig. 5 shows the F(V)–V plots of 

the device. The value of the series resistance has been 

obtained from Norde’s method by using Eq. (9): 

 

                         R = 

0

)(

qI

nkT 

                                    

(9)
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Fig.4. F(V) vs. V plots of the Au/P3HT/n-Si/Au Schottky diode      

          for unirradiated and irradiated cases. 

 

From the F–V plot  the values of Φb and Rs of the 

structure were determined as 0.77 eV and 4.28x10
6
 Ohm 

for the unirradiated diode, and as 1.01 eV and 7.77x10
6
  

Ohm for the irradiated case, respectively. It was seen that 

the values of Rs obtained from both Cheung and Norde 

methods increased by the applied electron radiation.  An 

increase in series resistance indicates that the reason is 

either products of the mobility and the free carrier 

concentration have reduced or the compensation of 

doping in the semiconductor [15]. 

 The reduction in mobility is due to the introduction 

of defect centers on irradiation, which act as scattering 

centers [16]. 

The interface states between the organic 

semiconductor compound and inorganic semiconductor 

play an important role in the determination of the 

characteristic parameters of the devices. The density of 

the interface state proposed by Card and Rhoderick [14] is 

given by 

 

       𝑁𝑠𝑠 𝑉 =
1

𝑞
 𝑖

𝛿
 𝑛 𝑉 − 1 − 𝑠

𝑊𝐷
                     

(10)                                                                                          

 

where Nss is the density of the interface states, δ is the 

thickness of interfacial layer, Wd is the space charge 

width, and n(V)=(V/(kT/q)ln(I/I0) is the voltage-dependent 

ideality factor εs=11.8ε0 and εi=3ε0 are the permittivity of 

the semiconductor and conducting polymer (P3HT), 

respectively. In n-type semiconductors, the energy of the 

interface states Ess with respect to the bottom of the 

conduction band at the surface of the semiconductor is 

given by 

 

                   c  ss= q (e-VD)                      (11) 
 

where VD is the applied voltage drop across the depletion 

layer and Φe is the effective barrier height. Nss values are 

obtained via Eq.(10). The energy distribution profiles of 

Nss of Schottky diod were obtained from the 

experimentally forward bias I–V measurements before 

and after irradiation and are given in fig. 5. As can be 

seen in the figure, exponential growth of the interface sate 

density towards the top of the valance band is very 

apparent. The interface states, Nss, have been decreased 

significantly after electron irradiation. The interface state 

density Nss obtained from the forward bias I–V ranges 

from 3.62x10
11

 to 1x10
12

 cm
-2

eV
-1

 for the unirradiated 

and 5.04x10
11

 to 2.07x10
12

 cm
-2

eV
-1

 for the irradiated 

situations, respectively. These changes have been 

attributed to the decrease in recombination centre and the 

existence of polymer layer. 
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Fig. 5. Nss vs. Ess–Ev plots of the Au/P3HT/n-Si  Schottky diode     

           for unirradiated and irradiated cases. 
 

3.2.  Analysis of Capacitance–Voltage Characteristics     

        of Au/P3HT/n-Si Schottky Barrier Diode 
    

Capacitance–voltage (C–V) measurement is one of 

the most popular electrical measurement techniques used 

to characterize a Schottky type device. C–V curves of 

Au/P3HT/n-Si device were plotted at 100 kHz  (fig. 6). 

Figure shows a typical C–V relation obtained from the 

measurement at 100 kHz frequency and room temperature 

before and after irradiation. As shown in fig. 6, the values 
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of capacitance decrease regularly with increasing applied 

bias voltage. 
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Fig. 6. The forward and reverse bias C–V characteristics of the     

            Au/P3HT/n-Si Schottky diode for unirradiated and    

            irradiated cases. 

 

In rectifying contacts the depletion layer capacitance 

is given as follows [2] 

 

                         Ds

d

NAq

VV

dV

dC
2

2 )(2








                         (12)

                          

                                                                                                              

 

where εs is the dielectric constant of semiconductor,  A is 

the effective diode area, Vd is the intercept voltage and is 

determined from the extrapolation of the linear 1/C
2
–V 

plot to the V axis, εs is the dielectric constant of the 

semiconductor (11,7 εo for n-type Si) and ND is the donor  

concentration of the n-semiconductor substrate. The 

barrier height value can be determined from the relation: 

 

                          Φb(C-V) = Vd + EF                                    (13) 

                                                                                                                                                                       

 

where EF is the energy difference between the bulk Fermi 

level and valance band edge, and is given by 
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Fig. 7. The reverse bias C-2–V characteristics of the before and 

after  irradiation at 100 kHz frequency. 

      

In fig. 7, the C
-2

-V plot is presented for 100kHz 

frequency. It can be seen from the reverse bias C
-2

–V 

figures that these curves are linear. The values of ND and 

Φb for Au/P3HT/n-Si SBD were found as 2.5x10
16

 cm
-3

 

and 1 eV before irradiation, and 3.07x10
15

 cm
-3

 and            

0.97 eV after irradiation, respectively. It is clear that, 

these values were strongly dependent of radiation. The 

values of the barrier heights extracted from the C–V 

curves are higher than that derived from the I–V 

measurements. This difference can explained due to 

nonuniformity of the interfacial P3HT layer thickness or 

the effect of the image force and the barrier 

inhomogeneities. 

 

4.     CONCLUSION 

 

In conclusion, we have investigated the electrical 

parameters of the Au/P3HT/n–Si SBDs by using I–V and 

C–V characteristics under irradiation at room temperature. 

The electronic parameters such as ideality factor, barrier 

height and series resistance of the Schottky diode were 

extracted by forward-bias I–V, Cheung's functions and 

Norde's functions. The values of the barrier heights for 

before and after irradiation (2.4 kGray) are calculated as 

0.77 and 0.80 eV, respectively.  Furthermore,  the values 

of the ideality factors for before and after irradiation are 

calculated  as 2.04 and 2.36, respectively. 

_______________________________ 
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It is determined that when the energies of the emitted neutrinos and antineutrinos are extremely close to each other, the neutrino 

synchrotron radiation by the transversely polarized electrons is amplified and the processes possess the resonance character. When the 

spins of the initial electrons are oriented along the magnetic field direction, the spectral and angular distribution of the energy loss 

transported from the unit volume of the medium per unit time does not depend on neutrino flavour and each of the processes 

eeee  ~  , 
 ~  ee  and 

 ~  ee  contributes to the cooling of the strongly magnetized hot stars equally. 

 
Keywords: electron, neutrino synchrotron radiation, energy loss, magnetic field, ground Landau level, first Landau level. 

PACS: 13.15.+g, 13.88.+e. 

 
INTRODUCTION 

 

In the superstrong magnetic fields with the strengths 

GecmHH e

1332

0 1041,4/   electrons are mainly 

occupy the low Landau levels. In such magnetic fields the 

energy gained by electrons is in order of the electron rest 

mass and even higher than its rest mass. In this case it is 

necessary to take into account the field and spin 

(polarization) effects. Superstrong magnetic fields are met 

in strongly magnetized astrophysical objects and processes 

1-16. In terrestrial conditions superstrong magnetic fields 

are produced in heavy ion collisions 17-23. Possible 

existence of the superstrong magnetic fields with the 

strengths higher than G2010~  24-34  and production of 

such fields in cosmic objects and phenomena 26-28, 31 

are not excluded.  Investigation of various interaction 

processes of high energy particles in intense magnetic 

fields has great importance for both particle physics and 

astrophysics. The effective mechanism of transportation of 

internal energy of strongly magnetized hot stars to 

surroundings is not realized by photons, but it realized by 

neutrinos and antineutrinos. One of the main processes 

taking a great importance in cooling of strongly 

magnetized hot stars is so called the neutrino synchrotron 

radiation by electrons  35, 36. The neutrino synchrotron 

radiation by electrons is described by the reaction 

                                                                                

                            iiee  ~ 
                          (1) 

 

where  ii  ~
 are the neutrino flavours:   ,,ei   

and   ~,~,~~
ei  . When we have dealings with e  

and e
~

, both the neutral and charged currents contribute to 

the processes (1). However, when we have dealings with 

  and 
~

 or   and 
~

, the neutral currens only 

contribute to the processes (1). 

The purpose of this work is to investigate the energy 

loss per unit time per unit volume by the transversely 

polarized electrons occupying the first Landau level in the 

processes (1) in strongly magnetized hot medium with 

allowance for the temperature and the chemical potential 

of the medium, to obtain the formula enabling us to 

calculate the energy loss, to clarify the role of the 

polarization effects and to determine the astrophysical 

applications of the obtained results. We investigate the 

considered processes for the small momentum transferred, 

i.e. for the case when 22

ZZ mq   and 22

WW mq  , 

where Zm  is the Z - boson mass and Wm  is the                     

W - boson mass. Although the experimental confirmation 

of neutrino oscillations 37-39 is evident for the existence 

of the small mass of neutrinos, the estimations indicate the 

upper boundary of the neutrino mass  eVm 2
 40. 

The value of the neutrino mass is much smaller than the 

electron mass and the Z - boson (W - boson) mass. At the 

same time the characteristic energy of neutrinos 

(antineutrinos) considered here is much greater than the 

neutrino mass. All these enable us to apply the massless 

neutrino approximation. Contribution of the 

electromagnetic interaction of the possible anomalous 

magnetic moment of a neutrino with the magnetic field can 

be neglected for the observable strengths of the known 

magnetized stars.  In the presented work we use the 

pseudo-euclidean metrics with the signature  

and the system of units 1 Bkc , where is the 

Boltzmann constant. 

 

SPECTRAL AND ANGULAR DISTRIBUTION OF 

ENERGY LOSS TRANSPORTED FROM UNIT 

VOLUME OF THE MEDIUM PER UNIT TIME 
 

Using the Feynman rules for weak processes 41 and 

the method of exact solution of the relativistic wave 

equations (here we mean the Dirac equation) in a constant 

uniform magnetic field 42 we obtain the following 

 

Bk
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formula for the spectral and angular distribution of the 

energy loss transported from the unit volume of the 

medium per unit time with allowance for the temperature 

and the chemical potential of the medium when the 

transversely polarized initial electrons occupy the first 

Landau level 

 

                    0

22

1 0

27
4

12 Rff
pEpE

EE
eHG

dddd

Wd
Q

n n i ziizii

ii

F 









 










,            (2) 

 

where  is the Fermi constant, is the strength of the 

magnetic field which is assumed to be directed along the 

z -axis,  and  are energy and the third 

component of the initial (final) electrons, respectively, f  

and f   are the Fermi-Dirac distribution functions of  the 

initial and final electron gases, respectively,   and   
are the energies of the antineutrino and the neutrino emitted 

by the initial electron, respectively, 0R  is the quantity 

obtained from the absolute value of the squared amplitude 

(or squared matrix element) of the considered processes.  

iE  and iE   are the roots of the equation 

  EE  that expresses  the energy 

conservation law. zip  and zip  are the roots of the 

equation 
zzzz kkpp   that expresses the 

conservation law of the third component of momentum.  

We are interested in investigation of the 

considered problem in the cases when the neutrinos and the 

antineutrinos are emitted in the magnetic field direction 

(along the field direction and/or opposite to the field 

direction). We have four cases in this situation: 1) 0 , 

0 (the antneutrinos and the neutrinos are emitted 

along the magnetic field direction); 2)   ,  
(the antineutrinos and the neutrinos are emitted opposite to 

the magnetic field direction); 3) 0 ,    (the 

antneutrinos are emitted along the magnetic field direction 

and the neutrinos are emitted opposite to the magnetic field 

direction); 4)   , 0 (the antineutrinos are 

emitted opposite to the magnetic field direction and the 

neutrinos are emitted along the magnetic field direction), 

where   and   are the polar angles of the antineutrino 

momentum and the neutrino momentum, respectively. The 

straightforward calculations show that when the 

transversely polarized electrons lying on the first Landau 

level make transitions to the ground Landau level at the 

expense of  neutrino-antineutrino pairs emission,  the 

differential probability of the processes and the energy loss 

per unit time per unit volume are equal to zero in all cases 

except the third case:  0 ,   . It means that 

when the transversely polarized electrons lying on the first 

Landau level make transitions to the ground Landau level 

at the expense of  neutrino-antineutrino pairs emission, the 

antineutrinos are emitted along the magnetic field direction 

and the neutrinos are emitted opposite to the magnetic field 

direction. For this case we obtain the following formula for 

the spectral and angular distribution of the energy loss 

 

                                          ffR
p

E
eHGQ

z

F



12 0

2227
 .                                            (3) 

The quantity 0R  is determined by the expression 

                                               































 

 E

p
g

E

p
gg

E

m
R zze 2112

2

0  ,                                        (4) 

 

where   is the projection of the spin of the initial electron 

along the magnetic field direction ( 1 ) or  oppposite 

to the magnetic field direcion ( 1 ),  zp  

is the third component of the initial electron momentum, 

em  is the electron mass, E  is the energy of the initial 

electron occupying the first Landau level  

                                                                    

                   22 2   eHmE e  ,             (5) 

                                                                       

                          eHmE e 22  ,                          (6)  

                                                                               

                       WVg 2sin2
2

1
 ,                        (7) 

                                                                             

                                 
2

1
Ag .                                   (8) 

 

The notation “ ” in the expressions (7) and (8) has the 

following meanings: the sign “  ”  corresponds to the 

processes (1) proceeding via both the neutral and charged 

currents, the sign “”  corresponds to the processes (1) 

proceeding via only the neutral currents.  

Participation of the spin quantum number   in the 

expression (4) indicates that the spectral and angular 

distribution of the energy loss transported from the unit 

volume of the medium per unit time depends on the 

polarizations of the spins of the initial electrons. When the 

energies of the emitted neutrinos and antineutrinos are 

extremely close to each other, the neutrino synchrotron 

radiation by the electrons is amplified and the processes 

possess the resonance character. When the initial electrons 

have superhigh energies and the energies of the emitted 

FG H

 ii EE   ziiz pp 
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neutrinos and antineutrinos are enough close to each other 

but their difference is not equal to zero, we can write the 

following relation 

                                                                             

                         1



EE

pz 
                            (9) 

 

and neglect the terms proportional to  Epz
 in the 

expression (4). So, we obtain the following simple 

expression for 0R : 

                                                               

                 











 gg

E

m
R e120

.              (10) 

 

Hereafter we are interested in the case when the spins 

of the initial electrons are oriented along the magnetic field 

direction ( 1 ). Using the expression (3) and (10) we 

obtain the following formula for the spectral and angular 

distribution of the energy loss transported from the unit 

volume of the medium per unit time when  the spins of the 

initial electrons are oriented along the magnetic field 

direction ( 1 ): 

 

                                           ffmeHmeHg
G

Q eeA
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2222
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,                                 (11) 

 

where the multiplier  ff 1  constructed from the Fermi-Dirac distribution functions of the initial electrons and final 

electrons is determined as follows 

 

                       TmTmTeHmff eee





 exp1exp12exp1
1

1
2

,               (12) 

 

  is the chemical potential of the electron gas, T  is the 

temperature of the gas consisting of the electrons 

occupying the first Landau level (the temperature of the 

electron gas before the neutrino pairs radiation) and  T   is 

the temperature of the gas consisting of the electrons 

occupying the ground Landau level (the temperature of the 

electron gas after the neutrino pairs radiation).  

        Presence of the multiplier 
2

Ag  in the formula (11) and 

the definition (8) enable us to come to the conclusion that 

when the spins of the initial electrons are oriented along the 

magnetic field direction, the spectral and angular 

distribution of the energy loss transported from the unit 

volume of the medium per unit time does not depend on 

neutrino flavour and each of the processes eeee  ~ 

,  ~  ee  and  ~  ee  contributes to the 

cooling of the strongly magnetized hot stars equally. 

 

CONCLUSIONS 

 

        We determined that when the energies of the emitted 

neutrinos and antineutrinos are extremely close to each 

other, the neutrino synchrotron radiation by the 

transversely polarized electrons is amplified and the 

processes posses the resonance character. When the spins 

of the initial electrons are oriented along the magnetic field 

direction, the spectral and angular distribution of the 

energy loss transported from the unit volume of the 

medium per unit time does not depend on neutrino flavour 

and each of the processes 
eeee  ~  , 

 ~  ee  

and 
 ~  ee  contributes to the cooling of the  

strongly magnetized  hot stars equally. 
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CONFORMATION PROPERTIES OF HIS1-ALA2-ILE3-TYR4-PRO5-ARG6-HIS7 

MOLECULE 
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The spatial structure, electron-conformation properties and molecular dynamics of Т7 peptide being the linear sequence of seven 

aminoacid residuals His1-Ala2-Ile3-Tyr4-Pro5-Arg6-His7 (HAIYPRH) are investigated. The calculations of spatial structure is made 

by means of molecular mechanics method using force field of atom-atom potential functions. The investigations of electron and 

molecular-dynamic properties of main and side chains consisting in the molecule of aminoacid residuals is carried out under conditions 

modeling the real water surrounding of peptide molecule. It is established that low-energy states of Т7 peptide are stabilized by stable 

hydrogen bonds within limits of tetra-peptide molecule fragments, which don’t destroy in molecular dynamics process. The changes 

in electron structure with respect to hard fragments in low-energy conformation molecule states are revealed.  

    

Кeywords: Т7 peptide, spatial structure, conformation, low-energy conformation  

PACS: 31.15; 33.15 

 

INTRODUCTION 

 

Nowadays the investigations of complexes taking 

part in purposeful transport of medications used in tumor 

illnesses are actual ones. The works dedicated to study of 

peptide property, which consists of linear sequence of 

seven amino-acid residuals His1-Ala2-Ile3-Tyr4-Pro5-

Arg6-His7 (HAIYPRH) known as Т7 peptide [1] also 

belong to intensive investigations of last years. Т7 peptide 

is ligand in system activating the transferrin-receptors 

(TfR) and carrying by the means of endocytosis the 

delivery of medicines inside the cells affected by cancer. 

The investigations show that complex including Т7 peptide 

towards the polyamidoamine (PAMAM) and polyethylene 

glycol (PEG) and further loaded doxorubicin (DOX) are 

characterized by more high anticancer activity in 

experiments carried out with white mice under natural 

conditions [2-6]. On the base of these works, the 

conclusion is made that peptide T7 plays the key role in 

transport mechanisms of anticancer medicines inside cells. 

The spatial structure and dynamic properties of peptide Т7 

are investigated in present work by molecular mechanics 

methods based on force field of semiemperical potential 

functions. The limits of dihedral angle variations in main 

and side chains of amino-acid residuals forming the peptide 

structure are established. The values of partial charges on 

separate atoms and distribution of electron density on 

functional groups of amino-acid residuals in different 

molecule conformation states are calculated.         

 

CALCULATION METHOD 

 

The spatial structure and Т7 peptide conformation 

properties (HAIYPRH) are investigated by the way of 

search of local minimums of total conformation energy 

according to technique and calculations described in works 

[7,8]. To calculate the energy the non-valence ((Еnv) and 

electrostatic (Еel) atom interaction, hydrogen (Еh) bonds 

and torsion (Еt) contributions are taken under 

consideration. For description of these interactions the 

semiemperical potential functions given in work [9] are 

used. The calculations are carried out in framework of stiff 

valence scheme, i.e. at fixed values of valence bond lengths 

and valence angle of aminoacid residuals including in Т7 

peptide chemical structure. The applied system of potential 

functions and calculated programs are approved on big 

number of peptides and proteins by authors of given work 

and other investigators [10-11]. The minimal values of 

conformation energy, interresidual interaction 

contributions and also hydrogen bond system stabilizing 

the low-energy peptide conformation states are the 

criterions of stable structure selection. The search of low-

energy conformations of molecular system is carried out 

with help of numerical methods of extremum search of 

functions of several variables. Moreover it is supposed that 

molecule native conformation is in region of potential 

energy global minimum.       

The parameterization supposed in work [9] of is used 

for modeling of water surrounding. The hydrogen bond 

energy is estimated with help of Morse potential at energy 

value of hydrogen bond dissociation equal to 1,5kcal/mol 

corresponding to bond distance NH…OC  r=1.8Å for water 

solutions. The value of dielectric constant equal to 10 is 

taken. The conventional classification of peptide structures 

is used at discussion of calculation results [8]. The choice 

of structural variants at conformation calculation of 

separate peptides is carried out on the base of known values 

of dihedral angles ( and ) corresponding to low-energy 

regions of conformation cart R,B,L and P for each single 

peptide. The counting out of dihedral angles is carried out 

according to international nomenclature [12].             

The molecular dynamics method described in work 

authors [13-15] is used for study of Т7 peptide 

conformation mobility. The classical  motion trajectories 

of macromolecule atoms are calculated by method using 

the force field of atom-atom potential functions, i.e. the 

detail macroscopic picture of molecule internal heat 

mobility in sub-nano-second time intervals is modeled. 

The peptide electronic structure, partial charges of atoms, 

electric density distribution, electric dipole moment and 

other parameters are investigated by semiemperical 

method of quantum chemistry RM3. The cutoff radius    

12Ǻ is used for calculation speedup of Van-der-Waals, 

hydrogen and electrostatic interactions. To avoid the 

undesirable edge effects the peptide chain is added by 

acetyl residuals in its starting and N-methylamine in its 

side.   
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RESULTS AND THEIR DISCUSSION 
 

According to investigation results of low-energy T7 

peptide conformation states belong to structural types of its 

main chain and are characterized by total conformation 

energy values varying in interval -19,0 ÷ -25,7 kcal/mol. 

The differ by contributions of separate energy components, 

dihedral rotation angle values in main and side chains of 

peptide and also hydrogen bond systems stabilizing the 

stable conformation peptide states (table 1-3). According 

to investigation results the semi-convoluted structure types 

which are approximately on 7 kcal/mol preferable ones 

than fully unfolded structure types, are the energetically 

preferable ones. The atom non-valent interactions within 

the tetra-peptide fragments make the main contributions in 

stabilization. The hydrogen bonds between peptide chain 

atoms of His1 and Tyr4, Tyr4 и His7 residuals confirm 

about this fact. Though the contributions of hydrogen bond 

energy aren’t essential ones (from-0,2 up to1,2 kcal/mol), 

so they play the important role in stabilization of stable 

conformation peptide states. 

   

 

                                                                                              Тable 1. 

Low-energy conformation stats of T7 peptide on [7] work data 

  

№ Shape Form Еn-v Еel Еtors Еtot Еrel 

1 efeefe B2RB2B3RB3B3 -34.6 2.2 6.8 -25.7 0.0 

2 efeeff B2RB2B3RR3R3 -33.4 2.5 5.9 -25.0 0.7 

3 efeeee B2RB2B3BB3R3 -31.5 2.3 6.1 -23.1 2.6 

4 effefe B2RRB3RB3R3 -32.6 3.3 6.5 -22.8 2.9 

5 eefefe B2BRB3RB3R3 -29.2 2.8 4.6 -21.9 3.8 

6 eeeefe B2BB3B3RB3R3 -30.0 2.3 6.4 -21.6  4.1 

7 fffefe R3RRB3RB3B3 -30.6 3.8 5.9 -20.9 4.8 

8 ffeefe R2RB3B1RB3B3 -30.3 3.4 6.7 -20.2 5.5 

9 ffeeef R2RB3B3BR3R3 -29.9 3.6 6.2 -20.2 5.6 

10 fffeff R3RRB3RR3R3 -29.5 4.3 5.0 -20.1 5.7 

11 eefeff B2BRB3RR3R3 -27.1 3.3 4.2 -19.6 6.1 

12 efeeef R2RB3B3BR3R2 -29.5 3.6 6.4 -19.4 6.3 

13 ffeeff R2RB3B1RR3R3 -29.1 3.9 6.1 -19.1 6.5 

14 eeeeef B2BB3B1BR2B2 -28.1 3.1 6.0 -19.0 6.6 

 

 

The molecular dynamics of T7 peptide in aqueous 

medium is investigated for investigation of stability 

separate fragments and whole molecule in conditions 

modeling the real surrounding water. The calculations with 

taking under consideration of different low-energy 

conformation states given in table 1, are carried out in 

following stages. Firstly, the molecule relaxation is carried 

out using the force field AMBER during 30 psec. The 

found energy minimum allows us to put the molecule in 

volume containing 180 water molecules. Further, the 

relaxation of molecules is carried out with taking under 

consideration the real surrounding water of molecules. The 

atom collision rate 50psec-1
 with water molecules is given 

for imitation of surrounding water.   

The structure stability of separate fragments is also 

confirmed by dihedral angle values in molecule main 

chain. In peptide molecular dynamics process the  angle 

inclination values (torsion rotation angle round bond N-

С)in comparison of its optimal value for His1 vary in 

interval from -400 to +400. The maximum inclinations for 

rotation torsion angle  around bond С-C achieve to 160 

values. As T7 peptide takes part in fixation with 

transferrin-receptors, it is important to reveal not only 

stable elements of spatial structure but to analyze the 

change character in atom charges with respect of hard 

fragments in molecule structure. The values of partial 

charges of atoms and distances between oxygen atoms of 

peptide groups of spatially connivent amino-acid residuals 

in different peptide conformation states  calculated by 

means of quantum chemistry semiemperical method RM3  

are given in tables 4 and 5.    

As it is followed from calculation results the partial 

charge values practically don’t change except only of 

oxygen atoms of peptide groups Ala2 and Pro5 whereas the 

charges of peptide chain atoms of other amino-acid 

residuals vary in ±0,5 charge units. 

According to carried out investigations it has been 

concluded that stable conformation states of T7 peptide 

consist in the relatively hard fragments which form the 

cavity with negatively charged oxygen atoms taking part in 

complex formation processes with transferrin-receptors. 

Hys1(O)-Ile3(O) oxygen atoms are the more connivent, the 

distances between which vary in 4,5÷6,3 Å and Tyr4(O)-

Arg6(O) where these distances between them are  

5,5÷6,4Å.  
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                                                                                                                                                                          Таble 2. 

The dihedral angles (grad) in low-energy conformation states of T7 peptide 

 

Residual Form and shape of peptide chain 

B2RB2B3RB3B3 

(efeefe) 

B2RB2B3RR3R3 

(efeeff) 

B2RB2B3BB3R3 

(efeeee) 

B2RRB3RB3R3 

(effefe) 

B2BRB3RB3R3 

(eefefe) 

His1 *-113,105,180 

177,197 

-113,104,181 

176,196 

-113,105,180 

177,197 

-114,118,180 

190,195 

-115,115,181 

179,199 

Ala2 -93,-60,171 

177 

-94,-60,170 

177 

-93,-61,171 

177 

-78,-45,190 

180 

-108,126,173 

160 

Ile3 -161,143,178 

183, 167,173,188 

-162,144,178 

183, 187, 173,188 

-162,143,178 

183,187,173,188 

-69,-56,192 

-57,188,175,187 

-92,-53,180 

-58,187,172,188 

Tyr4 -131,158,167 

-63,96,180 

-131,160,166 

-63,96,179 

-130,157,158 

-61,96,180 

-115,159,179 

-63,95,180 

-116,163,179 

-57,98,180 

Pro5 -61,157 -65,159 -61,158 -61,159 -65,159 

Arg6 

 

-118,100,180 

-60,177,182,180 

-115,-60,180 

-61,178,182,179 

-117,100,181 

60,178,182,179 

-116,100,182 

-64,175,181,180 

-114,100,181 

-62,176,181,180 

His7 

 

-117,140,186 

-68,177 

-113,-60,183 

-62,178, 

-116,-60,180 

-61,179 

-108,-60,182 

-66,176 

-107,-60,183 

-66,177 

Residual Form and shape of peptide chain  

B2BB3B3RB3R3 

(eeeefe) 

R3RRB3RB3B3 

(fffefe) 

R2RB3B1RB3B3 

(ffeefe) 

R2RB3B3BR3R3 

(ffeeef) 

R3RRB3RR3R3 

(fffeff) 

His1 *-115,115,180 

180,199 

-97,-45,178 

-61,171 

-99,-59,179 

179,200 

-97,-56,182 

179,208 

-97,-45,178 

-61,171 

Ala2 -106,126,175 

58 

-78,-38,176 

180 

-84,-53,177 

180 

-84,-47,177 

180 

-78,-39,177 

180 

Ile3 -97,120,185 

-61,185,170,188 

-77,-52,187 

-59,186,173,189 

-98,105,179 

-57,185,173,189 

-93,130,178 

-60,185,172,189 

-77,-51,186 

--59,185,173,189 

Tyr4 -127,162,171 

-57,98,180 

-113,162,157 

-57,95,179 

-133,157,180 

57,89,180 

-112,161,184 

-59,97,181 

-113,159,184 

-56,94,180 

Pro5 -66, 154 -61,157 -61,152       -81,154 -64,158 

Arg6 

 

-117,99,178 

-60,178,181,179 

-114,100,180 

-62,177,180,180 

-121,99,176 

-61,181,179,180 

-131,-62,175 

-61,180,180,180 

-111,-60,180 

-62,178,180,180 

His7 

 

-110,-60,180 

-67,177 

-116,140,186 

-69,176 

-116,140,186 

-69,176 

-110,-59,184 

-63,177 

-112,-60,183 

-62,178 

Residual Form and shape of peptide chain  

B2BRB3RR3R3 

(eefeff) 

R2RB3B3BR3R2 

(efeeef) 

R2RB3B1RR3R3 

(ffeeff) 

B2BB3B1BR2B2 

(eeeeef) 

His1 -115,115,180 

179,200 

-97,-56,182 

179,207 

-99,-59,179 

178,201 

-115,115,180 

180.199 

Ala2 -106,127,173 

60 

-84,-47,176 

180 

-84,-53,178 

179 

-105,125,176 

58 

Ile3 -92,-53,180 

-58,187,172,188 

-93,131,179 

-60,185,172,189 

-98,106,179 

-58,185,172,189 

-99,130,180 

-57,188,172,188 

Tyr4 -115,160,179 

-56,97,180 

-110,162,186 

-59,96,181 

-134,159,180 

57,89,180 

-119,162,184 

-60,95,180 

Pro5 -66,159 -83,153 -63,153 75,154 

Arg6 

 

-110,-60,180 

-61,178,181,180 

-129,-62,175 

-61,180,180,180 

-117,-60,175 

-61,182,178,180 

-117,-65,177 

182,179,180,180 

His7 

 

-108,-60,185 

-63,178 

-122,-61,179 

183,182 

-111,-60,183 

63,177 

-121,132,180 

193,190 

 

*The angles are given in constituency: the main chain is φ, ψ, ω (upper line), side chain is χ1, χ2, χ3, χ4 (low line). 
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                                                                                                                                                                      Table 3. 

Conformation reconstructions in spatial structure of T7 peptide in MD process 

 

 

 

Conformation 1, 

Еtot=-25,7 kcal/mol 

 

 

 

 

 

 

 

 
Conformation3, 

Еtot=-23.1 kcal/mol 

 

 

 

 

 

 
Conformation 4, 

Еtot=-22.8 kcal/mol 

 

 

 

 

 

 

 
Conformation 6, 

Еtot=-21.6 kcal/mol 

 

 

 

 

 

 

Conformation 7, 

Еtot=-20.9 kcal/mol 

  

 

 

 

 

 

Conformation 11, 

Еtot=-19.6 kcal/mol 
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                                                                                                                             Тable 4. 

The values of partial charges of functional group atoms of amino-acid residuals in 

 peptide structure before and after molecular dynamics 

 
Atoms Before MD Conformation state after MD 

№ 1 № 3 № 4 № 6 № 7 № 11 

HIS 1 

N -0.356 0.394 0.340 0.353 0.448 0.262 -0.031 

CA -0.064 -0.251 -0.231 -0.220 -0.263 -0.207 -0.592 

CB -0.075 0.055 0.057 0.037 0.038 0.019 0.104 

CG 0.100 -0.486 -0.455 -0.453 -0.487 -0.352 -0.127 

ND -0.230 0.396 -0.414 0.360 0.341 -0.280 0.332 

CE1 0.182 -0.418 0.566 -0.617 -0.596 0.547 -0.388 

NE2 -0.255 0.594 -0.553 0.568 0.590 -0.664 0.425 

CD2 0.054 -0.562 0.427 -0.399 -0.397 0.403 -0.305 

C 0.450 0.218 0.178 0.141 0.188 0.164 0.270 

O -0.384 -0.406 -0.427 -0.465 -0.476 -0.453 -0.617 

ALA 2 

N -0.356 -0.048 -0.055 -0.067 -0.041 -0.076 -0.034 

CA 0.064 -0.088 -0.074 -0.071 -0.069 -0.071 -0.070 

CB -0.090 -0.131 -0.127 -0.114 -0.103 -0.118 -0.115 

C 0.450 0.228 0.227 0.234 0.222 0.249 0.231 

O -0.384 -0.375 -0.377 -0.382 -0.410 -0.372 -0.388 

ILE 3 

N -0.356 -0.022 -0.036 -0.061 -0.050 -0.062 -0.134 

CA 0.064 -0.089 -0.077 -0.080 -0.076 -0.081 -0.049 

CB -0.050 -0.087 -0.090 -0.071 -0.059 -0.071 -0.080 

CG2 -0.075 -0.101 -0.099 -0.104 -0.133 -0.138 -0.110 

CG1 -0.020 -0.112 -0.099 -0.111 -0.111 -0.105 -0.140 

CD -0.075 -0.122 -0.113 -0.143 -0.116 -0.111 -0.113 

C 0.450 0.240 0.233 0.229 0.238 0.230 0.231 

O -0.384 -0.397 -0.389 -0.378 -0.396 -0.380 -0.355 

TYR 4 

N -0.356 -0.042 -0.044 -0.066 -0.057 -0.038 -0.060 

CA -0.064 -0.064 -0.068 -0.067 -0.073 -0.061 -0.076 

CB -0.040 -0.024 -0.023 -0.046 -0.040 -0.058 -0.065 

CG 0.020 -0.148 -0.145 -0.125 -0.122 -0.135 -0.133 

CD1 -0.010 -0.148 -0.044 -0.069 -0.081 -0.053 -0.062 

CE1 -0.060 -0.196 -0.193 -0.155 -0.158 -0.201 -0.204 

CQ 0.225 0,`148 0.158 0.151 0.146 0.126 0.102 

CE2 -0.060 -0.151 -0.152 -0.201 0.179 -0.152 -0.141 

CD2 -0.010 -0.069 -0.074 -0.048 -0.053 -0.074 -0.062 

OG -0.330 -0.249 -0.231 -0.250 -0.249 -0.255 -0.225 

C 0.450 0.223 0.221 0.246 0.253 0.220 0.268 

O -0.385 -0.397 -0.393 -0.409 -0.225 -0.390 -0.413 

PRO 5 

N -0.285 -0.037 -0.034 -0.016 -0.036 -0.014 -0.051 

CD 0.100 -0.071 -0.072 -0.066 -0.042 -0.067 -0.060 

CG -0.050 -0.105 -0.104 -0.125 -0.069 0.231 -0.096 

CB -0.025 -0.124 -0.124 -0.102 -0.112 -0.125 -0.123 

CA 0.050 -0.062 -0.060 -0.072 -0.122 -0.108 -0.067 

C 0.455 0.226 0.232 0.234 0.241 0.256 0.238 

O -0.385 -0.354 -0.368 -0.376 -0.358 -0.409 -0.344 
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ARG 6 

N -0.356 -0.039 -0.036 -0.043 -0.026 -0.032 -0.046 

CA 0.064 -0.095 -0.098 -0.090 -0.097 -0.098 -0.066 

CB -0.030 -0.087 -0.089 -0.090 -0.088 -0.087 -0.112 

CG -0.030 -0.141 -0.143 -0.140 0.141 -0.144 -0.136 

CD 0.120 -0.061 -0.058 -0.056 -0.055 -0.051 -0.101 

NE -0.300 0.009 0.004 0.001 -0.008 -0.006 0.077 

CQ 0.580 -0.478 -0.452 -0.384 -0.398 -0.411 -0.495 

NZ1 -0.390 0.127 0.133 0.137 0.132 0.143 0.138 

NZ2 -0.390 0.112 0.118 0.156 0.143 0.129 0.153 

C 0.450 0.219 0.228 0.225 0.231 0.228 0.231 

O -0.384 -0.421 -0.401 -0.424 -0.406 -0.404 -0.403 

        

        

Atoms Before MD Conformation state after MD 

№ 1 № 3 № 4 № 6 № 7 № 11 

HIS 7 

N -0.356 0.031 0.028 -0.023 0.026 0.024 -0.060 

CA -0.064 -0.071 -0.064 -0.073 -0.060 -0.067 -0.065 

CB -0.075 -0.060 -0.054 -0.052 -0.052 -0.043 -0.052 

CG 0.100 -0.206 -0.207 -0.166 -0.172 -0.208 -0.207 

ND -0.230 -0.525 -0.260 -0.305 -0.541 -0.473 -0.260 

CE1 0.182 -0.569 0.514 0.508 -0.558 -0.585 0.202 

NE2 -0.255 -0.520 -0.567 -0.570 -0.524 -0.517 -0.504 

CD2 0.054 -0.254 0.521 0.562 -0.305 -0.269 -0.225 

C 0.450 0.309 0.306 0.341 0.298 0.303 0.260 

O -0.384 -0.570 -0.570 -0.631 -0.578 -0.577 -0.570 

 

 

                                                                                                                  Table 5.  

The distances (in Å) between oxygen atoms of peptide groups space-connivent 

 of amino-acid residuals in different conformation states of T7 peptide. 

 
 

Distances between oxygen atoms 

 

                      Conformation 

№1 №3 №4 №6 №7 №11 

Hys1(O)-Ile3(O) 5.8 5.8 4.6 6.3 4.5 6.0 

Hys1(O)-Tyr4(O) 9.3 9.4 6.5 9.9 6.6 8.2 

Ala2(O)-Tyr4(O) 7.0 7.0 5.9 7.1 6.0 5.9 

Tyr4(O)-Arg6(O) 6.1 6.1 6.4 5.7 5.7 5.5 

Tyr4(O)-Hys7(O) 10.4 9.7 9.4 9.3 10.3 9.3 

Pro5(O)-Hys7(O) 7.5 6.9 6.9 5.8 7.5 5.9 
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Influence of ferroelectric BaTiO3 particles on dielectric properties of liquid crystals (LC) 5CB and Н37 has been 

investigated. It has been shown that the presence of particles increases dielectric permittivity and losses and shifts a 

maximum of dielectric absorption to lower frequencies.   

Experimental results are explained by interaction of LC molecules with the polarized ferroelectric particles at 

application of external electric field.  
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1. INTRODUCTION 

 

One of directions of modern technology and physics 

of liquid crystals (LC) is development of hybrid systems, 

in particular, consisting of small particles embedded in a 

LC matrix. There appears additional attention if the 

particle substance is ferromagnetic or ferroelectric. It was 

shown in one of the first works [1] that the presence of 

ferromagnetic particles in a LC matrix at low 

concentration leads to an increase of LC sensitivity to 

magnetic fields. Authors of the work [2] have obtained 

stable colloids based on iron oxide particles in the liquid 

crystal 5СВ and showed that their electro-optic properties 

slightly differed from the pure LC but possessed 

properties of a magnetic liquid. In recent years such 

researches have started with a system of ferroelectric 

particles in LC. It has been shown that the presence of 

ferroelectric particles increases dielectric response of LC 

and changes its conductivity [3, 4], and also produces the 

photorefraction effect [5]. Besides, the memory effect in 

the isotropic phase of the liquid crystal 5СВ by doping 

with barium titanate particles was discovered [6].  

The aim of this work is to study the influence of 

embedded small ferroelectric BaTiO3 particles on 

dielectric properties of the liquid crystal 5CB and the LC 

mixture H37 with positive and negative dielectric 

anisotropies, respectively. 

 

2. EXPERIMENTAL 

 

We used the liquid crystal 4-cyano-4′-

pentylbiphenyl (5CB) and the liquid crystalline mixture 

consisting of           4-methoxybenzylidene-4'-butylaniline 

(MBBA) and           4-ethoxybenzylidene-4'-butylaniline 

(EBBA) with a molar ratio of 1:1 (H37) as matrices. A 

dielectric anisotropy of 5CB is positive and one of H37 is 

negative. The temperature range of the nematic phase of 

5CB is located between 21.5
o
C and 35.2

o
C while the 

corresponding interval of H37 is from -10.1
o
C to 61.2

o
C.  

The barium titanate particles with the sizes of              

600 ± 10 nm (U.S. Research Nanomaterials, In.) was first 

mixed with oleic acid and heptane in a weight ratio of 

1:2:10 and was shaken on a vortex mixer for 1 hour, 

followed by sonication for 3 hours. Then, the obtained 

mixture was added into the liquid crystal and kept at 

temperature 60
о
С for 5 days till finished evaporation of 

heptane. The completed evaporation of heptane was 

controlled by weighing in the analytic balance (model 

PW, Adam Equipment, Co Ltd, UK) with an accuracy of           

10
-7

 kg. The final composition was also ultrasonically 

mixed for 3 hours. As a result, the colloid with weight 

percent 1% of particles was obtained.  

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. The cell thickness was fixed with 

calibrated 60μm polymer spacers for dielectric 

measurements. Both the colloid and the pure LC were 

injected into the empty cell by capillary action at the 

isotropic state. The filled cell was kept in the special 

heater in which the copper-constantan thermocouple was 

used for temperature measurements. Accuracy of 

temperature determination was 0.1
o
C.   

Dielectric measurements were carried out by the 

Precision LCR Meter 1920 (IET Labs. Inc., USA) in the 

frequency range of 20 Hz -1 MHz  Dielectric parameters 

were recorded at temperature 24
o
C. 

 

3.   RESULTS 

 

 Observation under the polarization microscope has 

shown that the presence of BaTiO3 particles in 5СВ and 

H37 decreases the clearing temperature from 35.2°С to 

32.4°С and from 61.2
o
C to 60.1

o
C, respectively.      

 Dependences of real and imaginary parts of dielectric 

permittivity for the pure LCs and the colloids at 

homeotropic and planar orientations of LC molecules are 

presented in fig.1 and fig.2, accordingly. As one can see, 

the additive of BaTiO3 particles increases both dielectric 

permittivity and losses in all studied frequency range. 

Particularly, dielectric permittivity of the BaTiO3-5CB 

colloid and the pure 5CB are equal to 19.3 and 18.2, 
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respectively, in the homeotropic cell. While, 

corresponding values equal to 7.8 and 6.6 for the planar 

cells. The additive of particles in H37 increases dielectric 

permittivity from 4.6 to 5.1 at the homeotropic orientation 

and from 5.2 to 6.1 in the planar cell. Dielectric 

permittivity of investigated samples decreases at high 

frequencies. At this case, it starts to decrease at higher 

frequencies for the planar cells and also in samples based 

on H37 than for the others. The dielectric absorption band 

is observed only in the homeotropic cells with the pure 

5CB and the corresponding colloid in the studied 

frequency range. Meanwhile, a maximum of this band is 

shifted from 350 kHz to 300 KHz at the additive of 

particles. 

 

 
 

Fig.1. The frequency dependence of the parallel component of    

           dielectric permittivity and losses: (a) pure 5CB; (b)  

           BaTiO3 -5CB; (a') pure H37 and (b') BaTiO3 -H37. 

 

 
 
Fig.2. The frequency dependence of the perpendicular 

component of dielectric permittivity and losses: (a) pure 

5CB; (b) BaTiO3 -5CB; (a') pure H37 and (b') BaTiO3 -

H37. 

 

The voltage dependences of dielectric permittivity at 

the frequency of 1 kHz are shown in fig.3. At this case, 

the initial orientation of the cells based on 5СВ and H37 

are planar and homeotropic, correspondingly. Apparently, 

dielectric permittivity starts to increase at certain voltage 

corresponding to the Fredeericksz effect voltage.  

 

 
 
Fig.3. The voltage dependence of dielectric permittivity: (a)          

           pure 5CB; (b) BaTiO3 -5CB; (a') pure H37 and  

           (b') BaTiO3 -H37. 

 

4.     DISCUSSION 
 

According to [7], particles do not disturb the director 

field of a LC, if the anchoring parameter ζ = WR/К is 

much smaller than 1, where W is the anchoring energy of 

LC molecules with particle surfaces; 2R is particle size; К 

is the LC elastic constant. The value of anchoring energy 

is within 10
-4

-10
-6 

J/m
2
, the elastic constant of LC has an 

order of 10
-12

 N, and the particles have sizes of 600 nm.  

Using oleic acid, we reduce anchoring energy and 

simultaneously stabilize the colloid. Besides, taking into 

account the given concentration of particles, particle 

sizes, and the particle density, one can calculate that the 

average distance between particles equals to 7.5μm, 

which is much more than their size. Thus, the overall 

disturbance of the director field by particles appears 

negligibly. Hence, the obtained colloids can be considered 

as a homogeneous media and they should behave as pure 

LCs but with the modified parameters. 

For the spherical form and low concentration of 

particles, the clearing temperature Tc of a colloid is 

defined by the expression [8]: 

 

Tc = (1-fv) Tcp, 
 

where fv is the volume fraction of particles, Tcp is the 

clearing temperature of the pure LC. The volume fraction 

of barium titanate particles equals to 0.002 but the total 

fraction of the filler including the oleic acid amounts to 

0.024. One can see, the calculations fairly well agree with 

the experimental values of clearing temperatures of the 

colloids.  

According to Maxwell–Garnett theory for 

composites with spherical ferroelectric particles, the 

effective dielectric permittivity ef for the has the 

following form [5]: 

 

ef  ≈  LC
 (1 +3fv), 
 

where LC
 is dielectric permittivity of LC, f is volume 

fraction of the particles. Simple calculations show that the 

experimental values are much more than the theoretical 

ones. It is evident that such difference is connected by 

coupling of the LC molecules with spontaneous 

http://www.multitran.ru/c/m.exe?t=1552367_1_2&ifp=1&s1=negligibly%20small
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polarization of the particles giving additional contribution 

in dielectric permittivity. 

There is a dispersion of the parallel component of 

dielectric permittivity at lower frequency because of the 

LC molecules have no enough time to turn about a short 

axis at fast changes of the direction of the applied field, 

while perpendicular component does not almost vary as it 

corresponds to the turn of LC molecules around their long 

axis. At this case, the dispersion of the samples based on 

H37 starts at higher frequencies because its molecules 

have weak polar groups which turn around the axes easier 

than ones of 5CB. 

The shift of absorption band to lower frequencies for 

the BaTiO3-5CB colloid indicates an increase in the 

relaxation times for corresponding molecules 

reorientation: τ~1/2πf. The additive of particles in 5CB 

increases relaxation time from 4.5∙10
-7

 sec to 5.3∙10
-7

 sec. 

The increase in the relaxation time of the colloid suggests 

a strong interaction existing between the LC molecules 

and the BaTiO3 particles. The LC molecules interact with 

spontaneous dipole moments of the ferroelectric particles. 

These factors obstruct the rotation of the LC molecules in 

the vicinity of the particles and result in a decrease of the 

absorption band frequency. The broadening of the 

absorption band is explained by dissipation of the energy 

at the reorientation of the LC molecules in the vicinity of 

the particles. The increase of dielectric losses is connected 

with an increase in the conductivity of the composite.  

The threshold voltage of the Freedericksz effect for 

a pure LC, and also a low-concentrated colloid is defined 

by the expression [9]: 
 

Uth = π (Kii/ε0 Δε) 
½ 

, 
 

where i = 1 and 3 for LC with positive and negative 

dielectric anisotropy, respectively; K11 and   K33 are the 

splay and bend elastic constants, respectively; ε0   is  the 

electric constant;   Δε is the dielectric anisotropy. 

The changed value of the Freedericksz effect voltage 

for the colloid in comparison with the pure LC is 

connected with two competitive factors: the presence of 

particles, increasing the order parameter [10] and oleic 

acid molecules decreasing this parameter which affects on 

the dielectric anisotropy of the colloid. As a result, the 

threshold voltage varies. 
 

4. 5.     CONCLUSIONS 
 

The presence of BaTiO3 particles in 5СВ and H37 

decreases the clearing temperature from 35.2°С to 32.4°С 

and from 61.2
o
C to 60.1

o
C, respectively.  

The additive of particles in H37 increases dielectric 

permittivity and losses. The dielectric absorption band is 

observed only in the homeotropic cells with the pure 5CB 

and the corresponding colloid in the studied frequency 

range. Meanwhile, a maximum of this band is shifted to 

lower frequencies at the additive of particles. 

 The threshold voltage of the Freedericksz effect 

equals to 0.3 V for the BaTiO3-5CB colloid while the 

beginning of this effect for the pure 5СВ is observed at      

2.1 V. The threshold voltage of the Freedericksz effect 

increases from 2.8 V to up 3.1 V at additive of particles in 

H37.  Experimental results are explained by interaction of 

LC molecules with the polarized ferroelectric particles at 

application of external electric field.  
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Reflection coefficients R (E) of amorphous (massive) film and polycrystalline selenium in beam energy interval 1-6eV normally 

falling on surface are investigated and the spectral dependences of their optical constants and dielectric functions are calculated by 

Kramers-Kronig methods. It is shown that the character of selenium change character of their optical parameters changes in dependence 

on selenium sample obtaining conditions.     
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INTRODUCTION 

Reflection coefficients R(E) of material series 

(amorphous and single crystal InSnTe2, TlIn0.9Ce0.1Se2, 

TlInSe2Ce0.04, TlInSe2, Cu3GdTe3, Cu5GdTe4, CuGdTe2, 

Se95As5 (with impurity Sm), Bi2Te3(Ni, Cu, Zn), Bi2Te3, 

Bi2Se3 are measured. Reflected light phase θ, index of 

absorption κ and index of refraction n, real ε1 and imaginary 

ε2 parts of dielectric constant, α absorption coefficient, 

function of characteristic -Img ε-1  volume and -Img(ε+1)-1 

surface electron losses, (α, β) electrooptical differential 

functions, ε2Е optical conduction, ε2Е2 integral function of 

bound state density, ε0(Е) effective static electric constant, 

nef (E) effective number of valent electrons taking part in 

transitions up to the given energy, are calculated.       

The results on optical spectra of amorphous selenium 

obtained at different conditions are given in the given 

paper.  

The selenium as elementary semiconductor in 

polycrystalline states and amorphous ones are widely 

applied in electro-optical transformers [1]. The many 

fundamental works are dedicated to this investigation. 

However, the supposed separate models used for 

explanation of electron processes taking place in it 

nowadays are needed in new data. This is connected with 

the fact that it has the different structural peculiarities. 

Being the inorganic polymer, selenium has the amorphous, 

α and β monoclinic, hexagonal modifications with ring-

shaped, chain molecules, which have the different number 

of atoms. All its modifications in wide temperature interval 

can exist in the sample simultaneously in different 

quantities. Indeed, selenium many properties are defined 

by ratio of these modification in the sample in dependence 

on condition of their preparation. 

The formation conditions and peculiarities of this or 

that selenium layer structure prepared by molecular steam 

condensation in vacuum are revealed and established in 

[2]. It is shown that selenium layer structure prepared by 

evaporation in vacuum is defined by temperature of 

condensed molecular steam, near-surface layer structure 

and substrate temperature. Moreover, the layer structure 

can present itself the super cooled state, first, second 

amorphous forms or intermediate amorphous state.  In the 

given work it is confirmed that the structure of first 

amorphous form consists on ring-shaped molecules of Se8 

type polymerized in accumulations the sizes of which are 

the order of several hundred meters. The structure of 

second amorphous form consists on continuous 

polymerized chain molecules of selenium lattice hexagonal 

modification structural unit type. Such amorphous state 

presents itself the long-chain polymer of homogeneous 

density with initial softening temperature near 299K. Such 

structure in comparison with structure of first amorphous 

selenium form is more stable one. The intermediate 

amorphous state, which is constructed from structural 

elements of first and second amorphous forms and is 

enriched by atomic selenium is formed in process of 

transition from first amorphous form to the second one.   

The samples prepared at different conditions that 

gives the opportunity of selenium obtaining with different 

structures in order to investigate its optical properties with 

the help of R(E) reflection coefficient measurements and 

calculations of optical parameters on Kramers-Kroning 

ratio are investigated in the given work. These parameters 

are directly connected with its electron structure. The 

material electron structure depends on its crystal structure, 

chemical composition and atom properties. As it is known 

the crystal selenium has the chain structure, the bond 

between the atoms in chain has the covalent character, and 

between chain atoms has the Van-der-Waals one. It has the 

complex electron structure. Its electron structure depends 

also on sample structural changes. 

In amorphous or glass-forming systems the study of 

their properties with structure change is of specific interest 

because the possibility to study of correlation between 

structure and material properties (molar volume, viscosity, 

vitrification temperature, thermal expansion coefficient 

and others) appears.  

The material energy level defining the many 

physicochemical properties is one of its main parameters. 

The knowing of the material dispersion allows us to 

forecast the principal possibilities of its definite property 

carrying out and application in semiconductor electronics. 

The measurement of selenium reflection coefficient 

R(E) with different structure and definition of optical 

parameters is the aim of the given work.         

   

INVESTIGATION TECHNIQUE 

For obtaining of amorphous sample В5 selenium, 

which is melted and kept at temperature 2800С during           

3 hours, is taken and further, the ampoule with selenium is 

strongly put in cool water. The samples for measurements 

are prepared from this amorphous selenium mass. The 
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amorphous films of thickness 2÷8µm are obtained by 

thermal evaporation in vacuum and by hot wall epitaxy 

method from cover glass. The selenium polycrystalline 

samples are obtained by slowly cooling of melted 

selenium.      

R(E) reflection coefficients of amorphous massive, 

film and polycrystalline selenium are measured by method 

of double-beam spectroscopy at room temperature in 

radiation energy interval 1-6eV normally falling on 

surface.    

As it is indicated in [3] the semiconductor optical 

functions in wide region of fundamental absorption is more 

effectively studied by method of almost normal mirror 

reflection. The other pure optical methods have the 

essentially principal or methodic limits and give the 

information in limited spectral regions. They only add the 

results of normal reflection at definition of optic transition 

values. The optical functions are defined with help of 

reflection measurements by method of normal mirror 

reflection. The influence on reflected light phase and R(E) 

unmeasured spectrum region are necessary to take under 

the consideration for the definition of (Е) reflected light 

phase from measurements of reflection coefficient. That’s 

why we use the extrapolation method R(E) on whole 

unmeasured region.   

According to Maxwell equation, all optical 

parameters are interconnected ones that is seen from the 

following relation:      
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where ω is cyclic frequency, c is velocity of light in 

vacuum. 

The interaction of light with the substance is 

described by n index of refraction and k index of absorption 

which characterize the phase and damping of plane wave 

in substance.  

These values can be obtained from measurements of 

R(Е) reflection coefficient and calculation of phase of 

reflected light using Kramers-Kroning formulae: 
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The residual optical parameters are calculated by n 

and k values by corresponding formulas. For calculations 

of optical parameters the computer program which is 

applied in works [4-13] is written by us on the base of 

experimental data by R(E).  

  

 RESULTS AND DISCUSSIONS 

R(E) is measured in the work and the optical functions 

are defined on its base. Such parameters as θ reflected light 

phase, indexes of κ absorption and n refraction, ε1 real and 

ε2 imaginary parts of dielectric constant, α absorption 

coefficient, the function of characteristic -Img ε-1 volume 

and -Img(ε+1)-1 surface electron losses, (α, β) electrooptic 

differential functions, ε2Е optical conduction, ε2Е2 integral 

function of bound density of states, ε0(Е) effective static 

dielectric constant, nef(E) effective number of valent 

electrons taking part in transitions up to the given Е energy  

are defined.  

 

  
Fig.1.The reflection spectra R(E): amorphous massive (curve 1),     

          film (curve 2) and polycrystalline selenium (curve 3).  

 

 
Fig.2. The reflection phase spectra (Е): amorphous massive  

           (curve 1), film (curve 2) and polycrystalline selenium  

           (curve 3).  

 

R reflection coefficient, θ reflected light phase, 

indexes of κ absorption and n refraction, ε1 real and ε2 

imaginary parts of dielectric constant, α absorption 

coefficient, the function of characteristic -Img ε-1 volume 

and -Img(ε+1)-1 surface electron losses are presented on 

fig.1-9 from the obtained results and the values of optical 

interband transitions defined on ε2(E) base in photon 

energy region1÷6 eV are given in the table.     

As it is mentioned in [14] the study of absorbing 

transition on materials is impossible because of big value 

of absorption in region of E>Eg interband transition region 

(Eg is minimal energy of interband transitions called by 

forbidden band energy).  
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Fig.3. The absorption index spectra k(E): ): amorphous massive    

           (curve 1), film (curve 2) and polycrystalline selenium  

           (curve 3).  

 

 
 
Fig.4. The refraction index spectra n(Е): amorphous massive  

           (curve 1), film (curve 2) and polycrystalline selenium  

           (curve 3).  

 

 
 
Fig.5. The spectra of real part of dielectric constant ε1(Е):   

           amorphous massive (curve 1), film (curve 2) and  

           polycrystalline selenium (curve 3). 

 
 

 
 

Fig.6. The spectra of imaginary part of dielectric constant ε2(Е):  

           amorphous massive (curve 1), film (curve 2) and  

           polycrystalline selenium (curve 3). 

 

 
 

Fig.7. The absorption spectra α(Е): amorphous massive 

           (curve 1), film (curve 2) and polycrystalline selenium   

           (curve 3).  

 

 
 
Fig.8. The electron volume loss spectra -Img ε-1(Е): amorphous  

           massive (curve 1), film (curve 2) and polycrystalline  

           selenium (curve 3).  
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Fig.9. The electron surface volume loss spectra –Img(ε+1)-1(Е):  

           amorphous massive (curve 1), film (curve 2) and  

           polycrystalline selenium (curve 3).  

  
The reflection is unique effective method. The 

analytical singularities of imaginary part of ε2(E) complex 

dielectric constant and functions bound by dN/dE state 

densities are almost coincide. The interband state gradient 

makes the main contribution into analytical singularity of 

dN/dE function:   

 

dE

dN ij
~ 

 ijk

k

E

dS
 , 

 

where Eij(k)=Ej(k)-Ei(k) is the distance between 

conduction and valent bands. dN/dE values near critical 

points in k-space defined by ijk E =0 expression and 

also the positions of critical points and transition type can 

be theoretically calculated from band structure.   

The analysis of ε2(E) function, dN/dE and R(E) 

reflection coefficient show that the disposition in energy 

spectrum and peak character are similar ones or very close 

ones for these parameters. That’s why the values of 

corresponding interband gaps and band nature can be 

defined with the help of direct coincidence of experimental 

data on curves, crystal reflection in region with theoretical 

calculations of dN/dE function.     

It is known that the least energy Eg between occupied 

and free states is the one of the important semiconductor 

parameters. The high transparency in E<Eg energy wide 

region is character for non-crystal materials. The several 

methods of its definition and evaluation by the level of α(Е) 

absorption coefficient of long-wave edge are known. The 

exact value of Eg for non-crystalline semiconductors is 

debatable one and usually the discussion of spectrum 

character in Urbach and Tauc models of is carried out 

without Eg evaluations [15]. Eg is defined from Tauc model 

by the value of absorption coefficient α(Е) = 103см-1. 

As it is mentioned in [15] N(E) state density is the 

similar useful settlement for crystalline and non-crystalline 

substances. According to existing results of experimental 

data the motion of state density in non-crystalline 

substance not strongly differ from corresponding motion of 

state density in crystal. In first case the thin structure can 

be smoothed and the local states can appear in forbidden 

state, the band structure is saved generally, i.e. it is defined 

by atom short-range order in materials.  

The hexagonal crystalline selenium consists of helical 

chains put parallel to each other. The chemical bond inside 

the chains has the covalent character and is very strong one 

and the bond between the chains is the weak one by Van-

der-Waals type. One can consider that in liquid phase the 

chains are oriented occasionally. The viscosity becomes 

the very high one before the chains become reoriented ones 

and glass-like state appears at rapid melt cooling.  

The decomposition of ideal structure of non-

crystalline solid state takes place in systems including the 

albums with non-divided electron couples. The electron 

couple is on one of the fragments at bond breaking, i.e. the 

heterolytic bond breaking takes place. Moreover one 

positive charged defect center and one negative one in 

short-order regions appear. The energy necessary for the 

bond breaking is partly compensated because of existing of 

non-divided electron couple of atoms being in nearest 

surrounding and the number of chemical bonds as a whole 

doesn’t change. Thus, the structural disorder exists in 

homogenous glasses of stoichiometric composition along 

with density oscillations and existing topological disorder 

of different types. The last one is revealed in the form of 

positive and negative charged defect centers as in the case 

of point defects in crystals. As the reaction defects the 

formation of which is characterized by the least change of 

free energy dominate.    

As it is mentioned in [16] there is no the principal 

boundary between monocrystalline, polycrystalline and 

amorphous states of substances. The presence of band 

structure that are forbidden and conduction bands can be 

taken from the fact of existing of atom short-range order 

and their no necessity to require the atom periodic position. 

These questions for amorphous and crystalline selenium 

are studied in [17-24], defined and their electron structures 

are compared.           

Thus, one can conclude that the selenium electron 

structure will change in dependence on change character of 

atom short-range order with change of selenium structure. 

This is revealed on the change character of optical 

parameters of investigated samples that is seen from fig. 1-

9 and from the table. The obtained data allows us to follow 

the selenium electron structure change with change of atom 

short-range order in it. 

   

Table. 

Sample Optical transitions defined by ε2(Е) maximums in energy interval 1-6eV  

Amorphous massive 1,24 1,3 1,55 1,88 1,99 2,21 2,29 2,26 3,64 4,77 

Film 1,13 1,46 1,55 2,21 2,29 2,38 2,53 2,69 3,44 5,19 

Polycrystalline 1,24 1,55 1,65 1,88 2,48 2,69 4 4,13 - - 
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The present article to electronic treatment of the water medium (fluid foodstuff) in technological process by high-voltage pulses 

of nanosecond range is devoted. It is shown, that depending on electrophysical parameters of the treated medium and pathogenic 

microorganisms containing there the pulsed generator by electric parameters providing the effective application of its energy on 

loading for reaching full and irreversible inactivation of microorganisms is developed. Dependence ratios of the main power source 

parameters and electrophysical characteristics of the treated medium with microorganisms are given. It is revealed, that for full 

inactivation of water medium and stay of further reproduction of microorganisms there expediently impact by high-voltage pulses of 

nanosecond range. These calculation methods can form a basis at elaboration of high-voltage installations of technological 

appointment for disinfecting of water containing mediums (fluid foodstuff) from pathogenic microorganisms. 
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INTRODUCTION 

 

Pulsed treatment methods of various mediums and 

materials for improvement their properties and quality get 

more and more wide distribution owing to efficiency of 

strong electromagnetic fields impact on explored object 

with formation the big concentrations of chemically 

active discharge products [1-3]. In comparison with 

existing classical mechanical, chemical, temperature and 

electronic treatment methods of materials on AC and DC 

[4, 5] the pulsed treatment methods are very effective as 

with maximum application of source energy on loading, 

high-speed physical and chemical processes with 

formation of chemically active discharge components, 

high-frequency radiation, perniciously influencing on 

medium toxicity and on the commensurability of 

influence parameters with duration of physical processes 

in treated medium [6-8]. In this context researches, 

directed on electronic and ion treatment of the water 

containing mediums for inactivation of microorganisms, 

cause a great interest [9-12]. Depending on medium 

characteristics, its appointment and parameters of 

biological organisms, the main electric parameters of 

high-voltage installation and its components are defined.  

The present article to electronic treatment of water 

containing mediums (fluid foodstuff) with various 

electrophysical properties by strong pulsed electric fields 

of nanosecond duration for inactivation of 

microorganisms containing there and extension of their 

storage terms is devoted. 

 

EXPERIMENTS AND CALCULATION METHODS 

 

At elaboration of the high-voltage pulsed 

installations for electronic treatment of the water 

containing mediums it is necessary to decide with design 

of electrode system and the treatment mode. Depending 

on treated medium, its electrophysical properties, 

geometrical sizes of biological cells containing there an 

influencing high-voltage pulse parameters (amplitude, 

pulse front and duration) for ensuring efficiency of strong 

pulse electric fields impact on treated medium for its full 

inactivation and prevention of their secondary appearance 

are defined. Account and coordination of all mutually 

influencing parameters of the high voltage installation is 

necessary for more effective application of the source 

energy (with minimum losses) on loading and more 

effective treatment of explored medium. A basic element 

of any high-voltage installation is the power source – the 

generator of pulsed tensions. In our researches it is 

executed on the basis of spark air rated sportsmen. In 

researches the high-voltage transformer on AC in 

combination with the high-voltage rectifier, as a high-

voltage source, is used. 

In researches as explored objects fluid foodstuff 

(juice, wine and milk products) were chosen. 

For their disinfecting and extension of storage terms 

on condition of preservation of their initial nutrition and 

biological properties the electronic and ion treatment 

method in "plane – plane" electrode system for prevention 

of spark discharge in interelectrode distance by strong-

pulsed electromagnetic fields of nanosecond range is 

considered. Pulse generator has the following parameters: 

amplitude at exit of generator - 80-100 kV, pulse duration 

- tens ns, frequency of following pulses – hundreds Hz. 

It should be noted, that at choice of pulse duration, it 

is necessary to consider also the geometrical sizes of 

microorganisms containing in products. With reduction of 

the sizes of biological cells, it is expedient to apply short 

front pulses (nanosecond range) for full inactivation of 

microorganisms. This choice is based that high-frequency 

waves get directly into nucleus of cell and stop their 

further growth. 

For carrying out researches of impact of high 

voltage pulsed electric fields on biological cells in fluid 

foodstuff, the nanosecond pulsed generator on capacitor 

energy stores was elaborated. The high-voltage 

installation was consisted from: high voltage transformer 

on 140 kV, generator of pulsed tensions with maximal 

amplitude             - 100 kV and pulse parameters: front ~ 

18 ns, duration on a half-height ~ 350 ns, frequency of 

following pulses              ~ 1000 Hz and average power ~ 
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50 kW, working chamber with treated medium inside (an 

impedance                           ~10-1000 Ohms) and 

measuring equipment. For preservation of initial nutrition 

and biological properties of foodstuff and prevention of 

medium’s spark breakdown the "plane-plane" electrode 

system was chosen. 

Pulsed electric impact on biological cell, its reaction 

to this and mathematical description of the process is very 

difficult. Still there is no accurate description of this 

process [13]. The one-celled microorganisms, considered 

in article, have two-layer dielectric structure. Accounting 

of all main parameters of electric field, treated medium 

and obtained experimental data is necessary for modeling 

and description of processes of strong electric fields 

impact. The model of a two-layer biological cell is given 

in fig. 1. 

 

 
 

Fig. 1. Structure of a two-layer biological cell: 1 – the external   

         medium of cell (the treated water medium); 2 – cell’s   

     membrane; 3 – cell’s cytoplasm; 4 – cell’s nucleus. 

 

According to fig. 1, cell consists of the following 

elements: central nucleus - 4, external dielectric   

membrane - 2, inside and outside of which are the 

polarizable medium: cultural water medium - 1 and cell’s          

cytoplasm - 3 [13]. Each of the specified areas has 

dielectric permeability, which value is considered at 

influence of high-frequency pulse electric fields. Owing 

to consideration of high-frequency pulsed fields we will 

neglect by cell’s conduct properties. 

It is known, that electric breakdown of membrane is 

one of death causes of cell [14]. Therefore, intensity of 

electric field and power failure on membrane are 

important characteristics of impact of strong electric field 

on cell. The vector of resultant electric field’s intensity 

and its components can be defined by the known ratio 

[13]. 

 

           𝜑 𝑘  𝑟,𝜃 =  𝐴𝑘𝑟 +
𝐵𝑘

𝑟𝑠
 𝑐𝑜𝑠𝜃, 𝑘 = 1,𝑛   ,         (1) 

 

where  is scalar potential of electromagnetic field;                 

n is the number of mediums with various characteristics;               

k is the medium’s index with characteristics; 𝐴𝑘 ,𝐵𝑘  is 

constants; r,  is radial and angular coordinates; s is the 

indicator, depending on a cover form of cell.  

For spherical coordinates - s=2, for cylindrical - 

s=1. Power failure on membrane - Um is determined by 

integration of field intensity – E along radial coordinate - 

r by membrane thickness. For description of biological 

cell we will accept the following characteristics [13]: 

relative dielectric permeability of membrane from 2 up to 

10; relative dielectric permeability of cytoplasm from 60 

up to 81; internal radius of membrane - R2=0,99 R1.  

We will find now, as an example, distribution of power 

lines of electric displacement vector - D⃗ and field’s 

intensity – E⃑  in cell according to fig. 1. 

In case of spherical cover form we can get formula for 

electric displacement stream: 

 

            Ф𝐷
 𝑘  𝑟,𝜃 = −𝜀𝑘𝜋𝑟

2  𝐴𝑘 −
2𝐵𝑘

𝑟3  𝑠𝑖𝑛
2𝜃           (2) 

 

Considering, that current – I and stream - ФD, 

dielectric permeability – εk and specific conductivity – γk 

are similar, expression (2) with substitution of these 

values can be written down (in case of spherical cover) as 

follows: 

                             

                I k  r, θ = −γ
k
πr2  Ak −

2Bk

r3  sin2θ                 

(3)              

 

Induction stream   ФD of electric field satisfies to a ratio:  

 

 Ф𝐷 =  𝐷𝑑𝑆
𝑆

                                 (4) 

 

where S is surface by which the induction stream is 

defined,  dS  is surface element. 

For getting of the field power lines of vector  𝐸 ⃑ , 

which are suffered on interphase borders between 

different mediums with various electrophysical 

characteristics      [15-17], we use a stream of vector  𝐸 ⃑ : 

    

                       Ф𝐸 =  𝐸 ⃑ 𝑑𝑆
𝑆

                                   (5)      

 

The last formula is connected with stream  ФD  and   

I  by following obvious ratios: for an electrostatic field  

Ф𝐸
 𝑘 =

Ф𝐷
 𝑘 

𝜀𝑘
, for electric field of current  Ф𝐸

 𝑘 =
𝐼 𝑘 

𝛾𝑘
 . 

 

 

DISCUSSION OF RESULTS 

 

So, depending on purpose of the treated medium, its 

electrophysical properties and geometrical sizes of 

microorganisms containing there, the range of influencing 

pulse tension is chosen. 

At electronic treatment of fluid foodstuff for 

inactivation of pathogenic microorganisms containing 

there and extension of their storage terms an important 

criterion is observance of initial nutrition and biological 

properties of these products. For reaching this it was 

developed an electrode system "plane – plane" with 

uniform electric field in working chamber and the 

generator of nanosecond pulses.  
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Experiments showed, that for full inactivation of 

microorganisms it is more expedient to influence on 

treated medium by pulses of nanosecond range - with 

front ~ 20 ns and duration ~ hundreds ns. Thus, the high-

frequency field gets directly into a nucleus of 

microorganisms, stopping its further reproduction. 

  

CONCLUSIONS 

 

As a result of experiments and the analysis of 

physical   processes, it is possible to draw the 

following conclusions: 

1. At electronic and ion treatment of water mediums 

for inactivation of containing microorganisms 

depending on their geometrical parameters, as the 

influence instrument of high voltage pulses by 

various range are applied;  

2. At treatment of fluid foodstuff for prevention of 

spark breakdown in interelectrode distance, 

secondary appearance of microorganisms in treated 

medium and preservation of its initial nutrition and 

biological properties application of nanosecond 

pulses is preferable. 

3. Settlement formulas definitions of electric 

parameters of power source in dependence on 

electrophysical parameters of the treated medium 

with microorganisms which account is necessary at 

design of high-voltage installations of technological 

appointment are given. 

4. Presented technology can form a basis at elaboration 

of technological high-voltage installations on electro 

pulse high frequency electronic and ion treatment of 

water mediums of special purpose. 
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This paper deals with the thermal capacity of TlCoS2 crystals abstract within 55-300K. Debye characteristic temperature is 

calculated. Dependence 𝐶𝑝 𝑇  reveals clearly marked anomaly indicating presence of phase transition. Maximum value of anomaly 

is at temperature 𝑇с = 111K. Changes of energy ∆𝑄 and entropy ∆𝑆 of phase transition are defined. Small value ∆𝑆/𝑅 = 0.02 shows 

that this transition belongs to ones of displacement type.  

 

Keywords: Thermal capacity; TlCoS2, Debye temperature, phase transition 
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INTRODUCTION 

 

The compounds with general chemical formulae 

TlMeX2 (Me=Co, Ni, Fe, Cr, Mn; X=S, Se, Te) belong to 

class of low-dimensional magnets.  The results on 

obtaining of such compounds and investigation of their 

physical properties are represented in [1-9]. Concerning to 

thallium-cobalt sulfide, its magnetic properties are 

described in [8]. In particular, the magnetization and 

paramagnetic susceptibility of TlCoS2 are investigated 

and it is shown that it is ferrimagnetics. Curie temperature 

and effective magnetic moment are TlCoS2 are 112K  and 

 4.6𝜇𝐵 correspondingly. The investigation of thermal 

capacity and thermodynamic characteristics of phase 

transition of given compound TlCoS2 is the aim of present 

work.  

 

EXPERIMENTAL RESULTS AND THEIR 

DISCUSSION  

 

TlCoS2 synthesis is carried out at interaction of 

initial components of high purity in quartz ampoules 

evacuated up to 10
–3

 Pа. The technological mode of 

TlCoS2 synthesis is described in detail in [8]. On the basis 

of X-ray analysis it is established that given compound 

has the hexagonal structure with the following parameters 

of crystal lattice:   а = 3,726 Å; c = 22,510 Å; z = 3; 

𝜌 =6,026 gr/cm
3
. One can suppose that TlCoS2 is quasi-

two-dimensional magnet because of big ratio с/а (~6).  

The investigation results of low-temperature thermal 

capacity of TlCoS2 anisotropic crystal in interval              

55 ÷ 300K  are shown in fig.1 [10]. The thermal capacity 

error doesn’t exceed 0.3% in whole interval of 

temperatures under consideration. The methodological 

specifics of experiments are described in details in [11]. 

 As it is seen the thermal capacity anomaly with 

peak at 𝑇𝑐 ≈ 111K connected with magnetic phase 

transition is observed on С𝑝(𝑇) dependence. The dashed 

line 1 in fig.1  shows the thermal capacity in Debye model                         

𝐶𝐷 = 3𝑛𝑅𝐹𝐷 𝑇/𝜃𝐷  where 𝑛 is number per formula unit 

(in case TlCoS2 𝑛 = 4), 𝑅 is gas constant and 𝐹𝐷 𝑇/𝜃𝐷  
is Debye function  12  

               

𝐹𝐷 𝑇/𝜃𝐷 = 3 𝑇/𝜃𝐷 
3  

𝑥4𝑑𝑥

 𝑒𝑥 − 1 2
,

𝜃𝐷/𝑇

0

 

 

calculated for Debye characteristic temperature                

𝜃𝐷 ≈ 262.5K. As it is seen we have the exact 

correspondence of thermal capacity values given by 

Debye theory with experimental once at temperature    

 𝑇 ≥ 55K.  

 

 
 

Fig. 1. 𝐶𝑝(𝑇) dependence for TlCoS2: points is experiment, 1 (dashed line) is Debye model.  
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The information on anomalous thermal capacity and 

entropy connected with is of interest at analysis of phase 

transition. The excess component of thermal capacity ∆𝐶𝑝  

is defined as difference between measured  𝐶𝑃  and 

calculated phonon thermal (𝐶𝐷  is Debye model) 
capacities ∆𝐶𝑝 𝑇 = 𝐶𝑝 𝑇 − 𝐶𝐷(𝑇) that allows us to 

define and analyze the characteristics of phase transition 

of TlCoS2 crystal.   

The peak of thermal capacity (see fig.1) at 𝑇𝑐  is 

small and is about ~9% on lattice one  
∆𝐶𝑝  𝑇𝑐 

𝐶𝐷  𝑇𝑐 
≈ 9% . 

The series of character peculiarities: small jump at 𝑇𝑐  and 

asymmetric anomaly with respect to transition 

temperature, is revealed on temperature dependence 

of TlCoS2  thermal capacity at temperatures near 𝑇𝑐  .  The 

phase transition at 𝑇𝑐    can be considered as the phase 

transition of the second order.  

The changes of  ∆𝑄  energy and  ∆𝑆  entropy 

connected with phase transition at 𝑇𝑐  are defined by the 

way of integration of cubic interpolated square splains 

under anomalous parts of ∆𝐶𝑝(𝑇) and ∆𝐶𝑝(𝑇)/𝑇 curves 

in interval 105 − 120K correspondingly. ∆𝑄 and ∆𝑆 

values are given in table. The small value of  ∆𝑆/𝑅 =
0.02 shows that the given transition belongs to transitions 

of displacement type.    

 

∆𝑄,
J

mol
 ∆𝑆,

J

mol∙K
 

∆𝑆

𝑅
 

22.9 ± 0.1 0.21 ±0.01 0.02 

 

For 𝑇 < 55K temperatures there are no experimental 

data for thermal capacity values of TlCoS2 crystals. 

Debye model limitation by one characteristic 

temperature 𝜃𝐷  is caused by the use of isotropic density of 

phonon state. It is obviously, that it is necessary to use the 

anisotropic phonon spectrum characterizing in particular 

by several Debye temperatures for anisotropic crystals, to 

which TlCoS2 belongs. Moreover, the lattice anisotropy is 

defined by the value, which is equal to ratio of lattice 

parameter in layer to parameter between layers and the 

difference of lattice hardness in relation to atom 

oscillation in layer planes and layer oscillations with 

respect to each other [13].   

 

CONCLUSION 

 

Thus, the main influence lattice (phonon) component 

of TlCoS2 thermal capacity at temperature ≥ 55K make 

the atom oscillations that can be considered in Debye 

approximation. 
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The conduction of clinoptilolite modified by argentums ions is investigated at room temperature. It is shown, that long-temporary 

(about 10 hours) kinetics of current increasing up to stationary value at constant voltage is observed, after which the stable volt-ampere 

characteristic takes place. It is revealed that the current doesn’t decrease up to zero at air exhaust as it is observed for natural zeolite 

but essential residual conduction takes place. The explanation of these phenomena, based on supposition on two different argentum 

states in zeolite pores, is suggested.  

      

Keywords: zeolite, argentum ions, volt-ampere characteristic, residual conduction.  
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The zeolites are nano-porous materials having the 

developed regular system of channels and cavities of 

dimensions about 1 nm order, which differ by the big 

variety of forms and structures of zeolite different types. 

The zeolites are the hydrated aluminosilicate minerals 

the infinite aluminosilicate frame of which forms by means 

of the joint of the common tops of tetrahedrons [SiO4]4- and 

[AlO4]5- having the interconnecting cavities, occupied by 

large ions and water molecules [1]. The weakly coupled 

cations and water molecules in zeolite porous are 

characterized by essential mobility that provides the 

possibility of ion exchange and dehydration reversibility. 

Moreover, it doesn’t influence on aminosilicate rigid 

frame. The zeolites are widely used in industry and 

agriculture because of above mentioned their property.   

Nowadays more than 45 types of natural zeolites, 

from which clinoptilolite, heulandites, phyllipsite, lomonit, 

mordenite, erionite, chabasite, ferrierite and analcime are 

widely applied. The clinoptilolite is determined as series of 

zeolites minerals having the clear heulandite (HEU)   

structural topology and ratio Si/Al >4.0.    

HEU tetrahedral lattice structural topology having 

C2/m symmetry with flattened channels limited by to ten 

membered and eight membered tetrahedral rings 

(4.6х3.6А) parallel to C axis, are enough investigated.  The 

additional eight-membered ring channels (4.7х2.8 А) are 

parallel to [100] and [102] and cross with prior channels in 

[010] forming the system from two-dimensional parallel 

channels to [010] which are responsible for layered 

structure [1,2].  

The analysis of structure and properties of zeolite 

allows us to consider it not only as perspective sorbent but 

as the object by means of which one can investigate 

dielectric and electric properties [4,5], the pore emission of 

electrons, electron multiplication and gas discharge  in 

pores [3]. 

 If zeolite sorption properties are defined by sizes and 

configurations of pores then its electric properties are 

defined by substance composition in pore space [6]. We 

have established that natural zeolite under consideration 

belongs to high-silica zeolites of clinoptilolite type [7] on 

the base of roentgenographic and spectral chemical 

analyses.     

The channel composition presents itself the extra-

frame subsystem. This is the positive charged cations        

Na +, K +, Mg +, Ca + compensating the frame negative 

charge and the big number of H2O-coordination water 

molecules also. The water plays the important role for 

providing of clinoptilolite frame stability and leads to 

increase of ion mobility in porous space as it is supposed 

in [8].  The weakly coupled cations and water molecules in 

zeolite pores lead to big values of dielectric constant on low 

frequencies and significant dependence of zeolite electro-

physical properties on frequency and temperature. The 

water can be extracted at heating or evacuation of zeolite 

that insignificantly influence on aluminocilicate rigid 

frame and its structure practically doesn’t change. 

Moreover, zeolite electric properties are defined by metal 

ions fully. The cation ability to diffuse through big open 

zeolite structure gives the possibility to obtain the high ion 

conduction in zeolites and to use zeolites as solid 

electrolytes. Last years there have been many attempts of 

investigations of factors, which control ion transport in 

external electric field [9]. These investigations are mainly 

focused on influence of temperature, hydration degree and 

metal cation nature on conduction, measured at alternating 

voltage. There are few investigations of zeolite electric 

conduction in constant voltage mode. Our work [3] on 

zeolite plate cut from monoblock of natural clinoptilolite; 

work [10] on single crystals of synthesized zeolites and 

work [11] on tablets of compacted power of natural zeolite 

belong to of these investigations. The either stationary 

current or continuously decaying current are observed in 

these works at current investigation at constant voltage. 

That’s why the question on existing of zeolite through ion 

conduction at constant voltage is debatable one. In given 

paper we present the kinetics of stationary current 

establishment, which is unusual for ion conduction, in 

constant voltage mode in plate of clinoptilolite modified by 

argentums ions.                         

 

EXPERIMENT 

 

The clinoptilolite is chosen in the capacity of 

investigation object. Its syngony is the monoclinic one and  

space group symmetry is С2/m. The elementary cell 
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parameters on X-ray structural analysis data: a=1.761nm, 

b=1,780nm, c=0,741nm, β =115,2°. The planar plate from 

which the samples are cut in the form of tablets of 

following dimensions: thickness is 2.3х10-3 m, big face 

square  S =18.75х10-6m2, is cut out from zeolite monoblock 

for experiment. The electrodes are brake polished metal 

discs. The anode is prepared from stainless steel and 

cathode from brass. The ion-exchange method when the 

plate is put in 1M solution of nitric-acid argentum, further 

is washed in deionized water and is dried at 1000С is 

applied for modification by argentum ions.  

The constant voltage from stabilized power supply is 

applied to electrodes. The current in sandwich mode is 

measured at voltage across electrodes 50V in air with 

humidity 80% at room temperature 

       

RESULTS AND DISCUSSION 

 

 The existence of argentum ions in modified 

zeolite reveals at comparison of resistances of modified 

and natural zeolites on low (500Hz) frequency. The 

resistance of modified sample is in 100 times less than 

natural one.  

 The time dependence which is unusual for ion 

conduction in constant electric field is revealed. The 

current linearly increases with time and takes the saturation  

value (3х10-4 А) in 10 hours  

 The saturation current dependence on voltage 

across electrodes is close to linear one and is similar at 

voltage change from 50V up to 200V and from 200V up to 

50V.  

 The current dependence on pressure which is 

unusual for zeolite is observed. The residual conduction 

value remains constant (1х10-5 А) at air exhaust from 

atmosphere pressure up to 10-2 torus.  

 

It is experimentally established that the zeolite 

modified by argentum has the long-term dynamics. The 

zeolite is kept 4 days in small electric field (50V) 

demonstrating the monotonous current increase from 

3.5х10-5А up to saturation value 32х10-5А (fig.1). After 

such procedure, the current remains stationary one and the 

observable volt-ampere characteristic is non-inertial and 

reversible one at field change (fig.2). The sample returns to 

initial state after several days at the absence of electric 

field. The monotonous current increase is revealed at 

repetitive sample storage in the same field. The air exhaust 

from camera consisting of the sample begins at the moment 

when the current achieves its stationary value. The current 

decreases up to stationary value 5х10-5А in the process of 

residual pressure decrease up to 10-2 torus that is confirmed 

the existence of zeolite stable residual conduction at 

absence of water vapors in pores. Let’s formulate the 

obtained results by the following way for their discussion.       

It is established that zeolite (in pores of which the 

argentum ions locate) can be in two states. The first 

(ground) state is the state in which it transits after long time 

after electric field isolation. The second state is the state in 

which it transits from first one in electric field. If the 

monotonously increasing current is observed in electric 

field in first state, then current is stationary one and 

observable volt-ampere characteristic is stable one in the 

second state. The current increases on one order at 

transition from the first state to the second one. It is also 

established that the transition from the second state to the 

first one can take place at once as the air is exhausted from 

the camera containing the sample. Note that this process 

takes about several days at atmosphere pressure.  

First, for natural zeolite the air exhaustion from 

camera containing the zeolite always leads to collapse of 

conduction. It can be explained by the fact that the ion in 

zeolite pore can be in two states. Firstly, this ion is 

connected only with pore wall. In these states the ions don’t 

have the mobility and that’s why don’t make the 

contribution in current. Secondly, this state when the ion 

connection with pore walls weakens and ions become 

mobile ones and give contribution in current because of 

interaction with water molecules.  

 

 
 
Fig. 1.  The dependence of current on time. 

 

 
 

Fig. 2.  Volt-ampere characteristic for saturation current. 

 

Let’s try to modify this standard scheme for our 

experiment. As the ion conduction decreases at air exhaust 

from camera but not disappears then we suppose that 

argentum ions connected with zeolite pore walls have the 

mobility even in absence of water (as opposed to natural 

zeolite ions). At atmosphere pressure the zeolite (with 

argentum ions in pores) transits to the state with the same 
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conduction which it has after air exhaust from camera 

containing the zeolite sample after collapse of the electric 

field. So we conclude that the argentum ions form the 

connection with pore walls without water in spite of its 

presence at atmosphere pressure in spite of presence of 

steams in zeolite pores. Thus, we supposed that argentum 

ions in zeolite pores (also as ions in natural zeolite) are in 

two states. The first state is the bound state of argentum ion 

with pore wall without water molecules. The second one is 

the bound state of argentum ion with pore walls with water 

molecules. If in natural zeolite the second state always 

forms when there is water in the pores then in zeolite with 

argentum ions is vice versa, the first state is the ground one 

(bound ion state without water molecules). The transition 

in second state is possible only after long storage in electric 

field (slowly increasing current with transition in saturation 

current fig.1). Moreover, this state isn’t equilibrium one, it 

decays and ions goes to first state after long time (days) 

after field switching off. Thus, we explain the observable 

current dependence on time: the long-term increase of 

current with following transition to saturation one is 

observed. In electric field the ions transit to state when the 

water molecules take part in ion bond with pore wall, i.e. it 

takes place for zeolite not modified by argentum without 

external field.        

 

CONCLUSION  

 

In present paper it is established that the argentum 

ions in zeolite pores can be in two states. The first state is 

the bound state of argentum ions with pore surface without 

water molecules. In this state ions have the mobility 

enough for current restoracia after air exhaustion. The 

second state is that one in which the water molecules take 

part, in this state the mobility strongly increases. The 

transition from the first state in second one takes place in 

the result of long storage in electric field. The reverse 

transition from second state to first one can take place by 

two methods. The first method is rapid one (2-3 hours). It 

is air exhaustion from camera. The second method is slow 

(several days). It is isolution the field in long time.   

_________________________________ 
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The optimization and characterization of the MOVPE (Metal Organic Vapour Phase Epitaxy) and HVPE (Hydride Vapour 

Phase Epitaxy) growth semi-polar (11-22) In0.15Ga0.85N/(In)GaN quantum well heterojunctions have been investigated. Two basically 

different approaches have been discussed, the epitaxial growth of (11-22) oriented semi-polar InGaN QWs with small indium flows 

during the growth of the barriers and without indium in the barriers have been explored. 

 

Кeywords: Quantum wells, III-N heterojunction, semipolar, InGaN, LED, MOVPE, HVPE.  
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1. INTRODUCTION  

 

III-Nitride semiconductors have significant 

applications for solid state lighting (SSL) [1, 2], laser 

diodes [3–9] and solar cells [10–12] over the last 2–3 

decades. Light emitting diode (LED) has many features 

over the conventional light sources, such as high power 

efficiency and long lifetime. Currently, GaN based LED 

is the core technology for SSL. Possible, in the near 

future, GaN LEDs will significantly penetrate the general 

lighting market. For this purpose, high efficiency, high 

brightness, and low cost are the fundamental requirements 

for         GaN-based solid state lighting.  

The InGaN quantum wells (QWs) employed as 

active region for nitride LEDs cover the wide spectral 

regime from near ultraviolet to near infrared [3–9], where 

mainly the In content defines the emitted wavelength. 

Unfortunately, the optical performance of these devices 

typically degrades with increasing In content in these 

layers, leading to the so-called “green gap” [1]. In 

addition, the external quantum efficiency (EQE) in InGaN 

QWs LEDs decreases significantly in green wavelength 

range due to high dislocation density results from the 

lattice mismatch between the sapphire substrate and GaN 

/ InGaN leading to large non-radiative recombination rate, 

and charge separation from the polarization fields in the 

QW leading to reduction of the electron-hole wave 

function overlap and radiative recombination rate in 

particular for green-emitting QWs.  

Indeed, semipolar InGaN/GaN QWs are interesting 

compromise for achieving emission in the green–yellow 

region. The semipolar (11-2 2) plane, inclined by 60° with 

respect to the polar c-plane, has substantially reduced 

piezoelectric polarization compared to the c-plane, and 

indium incorporation efficiency on the (11-2 2) plane is 

reported to be comparable with c-plane [13]. These 

factors have enabled the demonstration of (11-2 2) LEDs 

at blue, green, and amber wavelengths [15]. Ultimately, 

nonpolar and semipolar nitrides may play a role in 

enabling both LEDs and laser diodes in the green–yellow 

region. Improvements in longer wavelength device 

efficiencies as well as sustained development of larger-

area, high-quality nonpolar substrates, will be more 

succesful for commercial success.  

In general, c-plane InGaN/GaN MQW structure is 

widely used in blue and green light emitting diodes 

(LEDs) [15]. However, in the c-plane polar structure of 

InGaN/GaN quantum wells (QWs), strong spontaneous 

and piezoelectric polarizations exist [16]. These 

polarizations lead to large electric fields separating 

electron and hole wave functions [17]. Therefore, the 

radiative recombination lifetime in the films increases, 

and raises the probability of non-radiative recombination 

and decreases the achievable internal quantum efficiency 

in InGaN/GaN quantum wells [18-19]. To solve these 

problems, same research groups have studied non-polar 

[20-21] and semipolar GaN and InGaN/GaN QWs [22-

24].  

 

2.      EXPERIMENTAL 

2.1 Substrate preparation 

 

In the prepare process of the semipolar (11-22) 

structures, r-plane (10-12) sapphire substrate is used. The 

semi-polar (11-22) QWs orientation and related r-plane 

(10-12) sapphire substrate have a tilting angle with 

respect to the c-plane (0001), respectively 58,4
0
 and 57,6

0
. 

In the photolithography process, a negative 

nLOF2070 photoresist has been used and the substrate is 

rotated. By choosing a high speed of the rotation the thin 

photoresist was spread on the substrate the substrate was 

covered by photoresist. Then the sample was baked              

(2 min). In the next step the PR was exposed by UV light 

using MC-STRIPES-303 mask (exposure time was 3 sec). 

(Therefore, the exposed parts of the photoresist to the UV 

light become less soluble in chemical developer.) After 

exposing, the sample is baked (60sec) and then an 

unexposed parts of the photoresist to the UV light is 

removed by AZ-MIF-826 chemical developer (27sec). In 

the next step via Reactive Ion Etching an optimum for the 

pressure an etching time was found as a 15 min at 

10mTor and 20 min at 20mTor. Hence, the desired angle 

of trench side –wall was achieved. After RIE, in order to 

remove the photoresist mask stripes on the substrate first 
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oxygen plasma cleaning was done. Then in the chemical 

solutions of KOH and H2O and then of H2SO4 and H2O2 

with respectively 1 min and 4 min the sample was cleaned 

completely from residuals. Then the silicon dioxide 

(SiO2) was sputtered on top of the sample (or c-plane 

facet) a mask to get covered with SiO2 to avoid parasitic 

growth (Fig.1).

 

 
 

Fig. 1. Demonstration of patterning sapphire substrate with 6 μm periodicity of trenches (3 μm opening and 3 μm grooves) by 

Optic microscope (a) and SEM investigation from the cross section of r-plane sapphire substrate after photolithography process for 

growing semipolar (11-22) GaN structures. 

 

 

 
 

Fig. 2. Schematic structure of a single GaN on r-plane pre-structured sapphire wafers eventually coalesce to a closed layer with a 

(11-22) semipolar surface. 

 

 

a) b)  

 
 

Fig. 3 Atomic force microscopy (AFM) measurement in an area of 70μm × 70μm and cross section SEM investigation of the (11-22) 

GaNgrown by MOVPE. 
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2.2     Structuring process and growth of (11¯22)GaN.  

 

The MOVPE growth was done in a commercial 

Aixtron-200/4 RF-S HT reactor using the standard 

precursors ammonia (NH3), trimethylgallium (TMGa), 

trimethylaluminum (TMAl), trimethylindium (TMIn) and 

Silan (SH4). The growth starts with our about 20nm thick 

standard AlN nucleation layer at relatively low 

temperature of about 950
◦
C [25]. On such a typically 3µm 

thick GaN layer with a dislocation density of about 5 × 

10
8
cm

-3 
[30] For the subsequent GaN growth, a reactor 

temperature of about 1020
◦
C is chosen. The GaN gets 

pushed in c-direction and builds triangularly formed 

stripes, which coalesce after a suitable growth time to a 

planar, semipolar (11-22)-oriented surface. An in-situ 

deposited SiN interlayer helps to improve the crystal 

quality by stopping defects penetrating to the sample 

surface [13]. By decreasing the growth temperature of the 

topmost GaN layer to 970
◦
C, the growth gets pushed 

further in c direction and the coalescence of the stripes 

gets improved. The total thickness of the GaN layer is 

about 2μm (Fig 2). X-ray rocking curve measurements 

give a FWHM of about 200arcsec for the (11-22) 

reflection indicating a suitable crystal quality. Atomic 

force microscopy (AFM) measurements show a surface 

roughness of 25 nm in an area of 70μm × 70μmand cross 

section SEM investigations have done (Fig.3a,b). 

The growth of GaN substrates by HVPE was 

performed in a commercial Aixtron single-wafer HVPE 

system with a horizontal quartz-tube [28, 29]. 2μm thick 

GaN layer has been deposited at a fairly low growth 

temperature of 900 - 970
◦
C. In0.15Ga0.85 N/GaNand 

In0.15Ga0.85 N/ In0.01 Ga0.99N QWs have been deposited on 

top of the MOVPE and HVPE growth template by 

MOVPE. The deposition of the InGaN/GaN QWs was 

done at the same time for both 2 quarter MOVPE and 

HVPE growth samples. 

 

3. 3.     RESULTS AND DISCUSSIONS 

 

In order to achieve fairly long wavelength above     

500 nm, the QWs were grown at a temperature of 

typically 720
◦
C, while the temperature was increased by 

about 35
◦
C for the barrier growth. Using the same growth 

conditions InGaN QWs were investigated by adding a 

small In flow of about 2 μmole/min to the barrier growth. 

In figure 4, the low temperature PL spectra of the four 

different samples are described. As shown, PL emission 

intensity was significantly increased (3-6 times) with 

using small In flow (1%) in barrier. However, for HVPE 

growth QWs the emission wavelength is longer compared 

to the MOVPE growth samples. 

Top view cathodoluminescence (CL) investigations 

at 10 K show a dominating emission at about 500 nm for 

MOVPE growth samples (Fig 5c,d) and about 520nm for 

HVPE growth samples (Fig 5a,b). In the range of CL 

measurement, the MOVPE growth samples seems fairly 

homogeneous to compare with HVPE growth samples    

(Fig 5) and the emission intensity increases rapidly of the 

QWs using small In flow in the barrier. (Fig. 6). 

 

4. CONCLUSION  

 

Using r-plane (10-12) patterned sapphire substrates, 

we were able to grow suitable planar semipolar (11-22) 5 

period InGaN/(In)GaN quantum wells on the top HVPE 

and MOVPE growth (11-22) GaN templates. Using an 

InGaN barrier in the active region investigations show a 

factor of 6 more intense QW emission at 500 nm at low 

temperature PL measurements using an optimized In flow 

of 53 μmole/min in the QW and 2 μmole/min (1%) in the 

barrier. Low temperature CL measurements show the 

emission intensity increases rapidly of the QWs for 

MOVPE growth5 period InGaN/(In)GaNQWs. SEM and 

AFM measurements were done for the samples.

 

 
 

Fig. 4. Low temperature PL measurements of 5period semipolar (11-22) InGaN/(In)GaN QWs which, have been deposited on top of 

the MOVPE and HVPE growth template. 
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Fig. 5. Top-view SEM-CL measurements at low temperatures (10 K): a) HVPE growth In0.15Ga0.85 N/GaN, b) HVPE growth 

In0.15Ga0.85 N/ In0.01Ga0.99N, c) MOVPE growth In0.15Ga0.85 N/GaN, d) MOVPE growth In0.15Ga0.85 N/ In0.01Ga0.99N. 

 

 
 

 

Fig. 6. The low temperature (10K) CL intensity of the semipolar (11-22) InGaN/(In)GaN QWs. 
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