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Abstract: The application of the unique properties of terahertz radiation is increasingly needed in
sensors, especially in those operating at room temperature without an external bias voltage. Bow‑tie
microwave diodes on the base of InGaAs semiconductor structures meet these requirements. These
diodes operate on the basis of free‑carrier heating in microwave electric fields, which allows for the
use of such sensors in millimeter‑ and submillimeter‑wavelength ranges. However, there still ex‑
ists some uncertainty concerning the origin of the voltage detected across these diodes. This work
provides a more detailed analysis of the detection mechanisms in InAlAs/InGaAs selectively doped
bow‑tie‑shaped semiconductor structures. The influence of the InAs inserts in the InGaAs layer is
investigated under various illumination and temperature conditions. A study of the voltage–power
characteristics, the voltage sensitivity dependence on frequency in the Ka range, temperature depen‑
dence of the detected voltage and its relaxation characteristics lead to the conclusion that a photo‑
gradient electromotive force arises in bow‑tie diodes under simultaneous light illumination and mi‑
crowave radiation.

Keywords: microwave detection; voltage sensitivity; bow‑tie microwave diode; indium gallium
arsenide; electromotive force of hot carriers; photo‑gradient electromotive force

1. Introduction
The terahertz (THz) region of electromagnetic radiation is attractive for various ap‑

plications due to its unique properties, such as its ability to penetrate through thin layers
of nonconductive materials and its ability to be absorbed by water. The applications of
THz radiation in imaging range from quality control to security screening [1]. Terahertz
spectroscopy possesses a significant potential in biomedical research because the radiation
excites low‑frequency molecular vibrations, which can be successfully used in tissue de‑
tection, for example, to distinguish between pathological tissue and normal tissue [2]. The
THz frequency band is also expected to be a huge resource for future wireless communica‑
tions in 6G networks [3]. Both the sources and sensors of THz radiation are important com‑
ponents in the development of this promising technology. Schottky barrier diodes (SBDs)
are the most common matured elements in the detection of THz radiation at room temper‑
ature [4,5]. Although SBDs have excellent properties, such as a high voltage sensitivity,
low noise, a wide‑frequency bandwidth and a high reliability, they suffer from a strong
dependence on the process of Schottky junction formation and environmental conditions
because the junction is formed on a semiconductor surface. Therefore, the search for new
THz radiation sensors remains a topical issue. The need for new THz sensors that operate
without cryogenic cooling and without external bias brings new challenges to the scientific
and engineering community. The room‑temperature detection of THz radiation by using
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plasma‑wave resonance and wide‑band non‑resonant effects in various field‑effect transis‑
tor formations on the basis of two‑dimensional [6–8] and one‑dimensional [9,10] structures
has been reported. A ballistic rectifier with an artificial, asymmetric, selectively doped
semiconductor scatterer has been proposed to detect microwave radiation at both cryo‑
genic [11] and room [12] temperatures. Graphene‑based ballistic rectifiers have been suc‑
cessfully used for detection and imaging in the THz frequency range [13,14]. A nanometer‑
scale self‑switching device (SSD) has shown a nonlinear diode‑like I‑V characteristic in a
barrier‑less structure [15]. The arrays of SSDs containing selectively doped semiconduc‑
tor structures have been used to detect electromagnetic radiation in sub‑THz [16,17] and
THz [18] frequency ranges at room temperature. Graphene SSDs have also revealed them‑
selves to be room‑temperature zero‑bias sensors of electromagnetic radiation: in previous
studies, an array of nine graphene SSDs was used to detect microwave radiation of up to
67 GHz and was expected to have a potential ability to detect terahertz radiation up to
1.5 THz [19], and a graphene SSD bridge rectifier was found to able to detect radiation up
to 0.56 THz [20].

In a previous study, a nonuniform distribution of the electric field was built in ho‑
mogeneous asymmetrically necked semiconductor samples [21]. Thus, another barrier‑
less semiconductor structure was proposed for detecting electromagnetic radiation,
the so‑called bigradient diode [22]. Later, the room‑temperature zero‑bias detection of
wide‑frequency‑range electromagnetic radiation was demonstrated using asymmetrically
shaped semiconductor structures, the so‑called planar bow‑tie microwave diodes with n‑
n+ junctions in the narrowest part of the diode [23]. The symmetrical bow‑tie configura‑
tion of the device is used in various applications; for example, this configuration is used
in switchable antenna systems for bi‑directional sensor applications [24], and it is used to
control silicon‑based dielectric nano‑bow‑tie dimers and to manipulate nanometer‑scaled
objects [25]. The principle of the operation of microwave bow‑tie diodes is based on non‑
uniform carrier heating in a microwave electric field due to the broken geometrical sym‑
metry of the diode, as well as the specific doping profile of the structure. This operational
principle determines nearly frequency‑independent voltage sensitivity values within the
10 GHz to 0.7 THz range for planar microwave diodes fabricated on the bases of thick
GaAs epitaxial layers [26] and for those fabricated on the base of two‑dimensional se‑
lectively doped GaAs/AlGaAs semiconductor structures [27]. Asymmetrical microwave
bow‑tie diodes with n‑n+ GaAs junctions have revealed themselves to be diodes that are
more sensitive than the analogous microwave diodes of the symmetrical bow‑tie configu‑
ration [28]. The bow‑tie diodes on the bases of InGaAs semiconductor structures have been
used for the heterodyne [29], spectroscopic [30] and homodyne spectroscopic [31] imaging
of concealed objects. The polarity of the voltage induced across the ends of asymmetrically
shaped bow‑tie Si [23] and GaAs [26] diodes containing n‑n+ junctions has been found to
correspond to the polarity of the electromotive force of hot electrons across the n‑n+ homo‑
junction. However, the origin of the voltage induced across bow‑tie diodes containing
selectively doped semiconductor structures remains ambiguous. For example, there are
no data about the polarity of the voltage detected across the terminals of InGaAs‑based
bow‑tie diodes [29–31]. The wider application of InGaAs‑based bow‑tie diodes requires a
more detailed understanding of the detection mechanisms. Therefore, microwave bow‑tie
diodes with a broken geometrical symmetry fabricated on the bases of selectively doped
InAlAs/InGaAs semiconductor structures with and without InAs inserts are studied in this
article. Moreover, the peculiarities of microwave‑induced voltage are studied by adding
visible light illumination as an additional instrument for analyses.

2. Samples and Measurement Techniques
A selectively doped InAlAs/InGaAs semiconductor heterostructure served as a base

for the bow‑tie diodes. The high electron mobility and saturated drift velocity in the
channels of InAlAs/InGaAs/InAlAs heterostructures make this formation attractive for de‑
veloping field‑effect transistors operating in the millimeter‑wavelength range [32]. High‑
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electron‑mobility transistors have also been used for terahertz generation [33] and detec‑
tion [34]. The uncovered peculiarities of the electron interactions with polar optical and
interfacial phonons in semiconductor quantum wells [35] opened the possibility of con‑
trolling the electric and photoelectric properties of semiconductor heterostructures by us‑
ing electron–phonon scattering engineering when electrons and phonons are confined by
the insertion of phonon walls in a quantum well [36]. Electron mobility was found to ex‑
perimentally increase when an InAs phonon wall was introduced into an InAlAs/InGaAs
quantum well and when a nanometer‑wide GaAs layer was introduced into the InAlAs
barriers close to the interface of the InGaAs quantum well [37].

Two types of selectively doped InAlAs/InGaAs heterostructures were designed for
the fabrication of the bow‑tie diodes: samples with InAs inserts (sample W) and sam‑
ples without the inserts (sample WO). A cross‑sectional view of the structures and their
energy‑band diagrams and electron density distributions are presented in Appendix A.
The energy‑band diagrams and electron distributions were calculated by solving the Pois‑
son equation. The measured electrical parameters of the heterostructures (sheet electron
density, mobility and sheet resistance Rsh) are presented in Table 1.

Table 1. Electrical parameters of the grown semiconductor layered structures.

Heterostructure Sheet Density
nsh, cm−2

Electron Mobility
µ, cm2/(V·s)

Sheet Resistance Rsh, Ω/
�

W 1.52 × 1012 7760 530

WO 1.39 × 1012 8390 536

The electrical parameters of these two heterostructures were not much different. A
slightly bigger difference can be seen in the figures presented in Appendix A: the electron
density in the doping δ‑layer of the WO structure was five times higher than that in the W
heterostructure. A schematic picture and microphotograph of the planar bow‑tie diodes
are presented in Figure 1.
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Figure 1. Schematic view (a) and microphotograph (b) of the planar bow‑tie microwave diodes.

The details of the fabrication of the planar bow‑tie microwave diodes are presented
in [38]. A 60 nm etching depth was chosen to ensure the surefire confinement of the two‑
dimensional electron channels in the selectively doped semiconductor structures. The spe‑
cific contact resistance and the sheet resistance of the conductive layer were measured us‑
ing differently spaced ohmic contacts on a rectangular semiconductor mesa [39]. The val‑
ues of the specific contact resistance ρc of the bow‑tie diodes and the sheet resistance Rsh of
the semiconductor structures are presented in Table 2. These were measured in the dark
and under the illumination of visible light (see below). Two types of bow‑tie diodes with 1
and 2 micrometer‑wide “necks”, i.e., the narrowest part d (see Figure 1a), were fabricated.
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Table 2. Specific contact resistance of the bow‑tie diodes and sheet resistance of the selectively doped
W and WO semiconductor structures in the dark and under visible light illumination.

Bow‑Tie Diodes on
the Base of

In the Dark Illuminated

ρc‑d, Ω·mm Rsh‑d, Ω/� ρc‑ill, Ω·mm Rsh‑ill, Ω/
�W

heterostructure 1.55 ± 1.01 530 ± 50 1.33 ± 0.77 462 ± 39

WO
heterostructure 1.29 ± 0.60 542 ± 50 1.25 ± 0.64 479 ± 39

High values of the specific contact resistance and strong scattering have substantial
influences on the detected voltage magnitude and its distribution. The values of the mea‑
sured sheet resistance were less scattered. However, as a result, the value of the electrical
resistance of the diodes experienced substantial scattering.

All the measurements of the electrical parameters of the bow‑tie diodes were per‑
formed using dc and high‑frequency probe stations. The current–voltage (I‑V) character‑
istics were measured using the Süss Micro Tec probe station EP6 with dc probes (Form‑
Factor, Inc., Livermore, CA, USA) and Agilent E5270B Precision Measurement equipment
(Agilent Technologies, Inc., Santa Clara, CA, USA). The voltage–power (V‑P) characteris‑
tics of the diodes were measured in the Ka frequency range using a Cascade Microtech
(FormFactor, Inc., Livermore, CA, USA) high‑frequency probe station, and ACP40‑A‑GS‑
250 probes were used to connect the diodes to the measurement station. An SHF BT45
broadband bias tee separated the detected dc voltage signal from the microwave signal.
The high‑frequency measurement setup is presented in Appendix B [40]. The usage of the
probe stations made the investigation more simple and allowed for on‑wafer experiments
to be performed under varying illumination conditions and at different temperatures. The
microwave diodes were illuminated with the photo‑lamp Eiko EKE21V150W (color tem‑
perature of 3240K). The temperature of the diodes in both the dc and high‑frequency mea‑
surements was varied from room temperature up to 80◦C using a commercially available
Peltier modulus. The high‑frequency measurements were performed in the Ka frequency
range (26 ÷ 37.5 GHz). As a source of microwave radiation, a millimeter‑wave sweep
generator, G4403E (Elmika Ltd., Vilnius, Lithuania), on the base of the Hall transducer,
was used.

3. Results and Discussion
The electrical resistance R of the bow‑tie diodes is determined via the geometrical

resistance Rg of the active region and the contact resistance Rc of the diode:

R = Rg + Rc =
Rsh

2tanα
ln

a
d
+

ρc

d
(1)

where Rsh is the sheet resistance of the selectively doped semiconductor structure; a and
d indicate the width of the diode in its widest and narrowest parts, respectively; α notes
the widening angle of the semiconductor structure (see Figure 1a); and ρc stands for the
specific contact resistance of the diode. Considering the exact sheet resistance values of
the W and WO semiconductor structures and the scattered values of the specific contact
resistance in Table 2, the possible electrical resistance range limits of the illuminated diodes
were calculated using Equation (1). The results are presented in Table 3.
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Table 3. Presumed range of electrical resistance of the illuminated bow‑tie diodes.

Semiconductor Heterostructure Width d, µm Presumed Electrical
Resistance, kΩ

W
1 1.54 ÷ 3.08

2 1.12 ÷ 1.89

WO
1 1.62 ÷ 2.90

2 1.17 ÷ 1.81

The statistical distribution of the electrical resistance is presented in Appendix C. The
diodes with the InAs inserts, that is, the W‑diodes, showed mean and median values that
were the electrical resistance, while most of the WO‑diodes had an electrical resistance that
was higher than the mean value. Only the diodes with an electrical resistance within the
presumed range were chosen for further investigation: 40 W‑diodes out of 56 (71%) and 23
WO‑diodes out of 47 (49%). It is worth noting that more diodes with a neck width d = 1 µm
fell within the expected resistance range: 23 (compared to 17 diodes with d = 2 µm) in the
case of the W structure and 14 (compared to 9 diodes with d = 2 µm) in the case of the WO
structure. This experimental fact could be explained by the in‑plane inhomogeneity of the
semiconductor structure.

The electrical properties of the bow‑tie diodes were sensitive to the visible light illu‑
mination. The electrical resistance of the diodes, both the W and WO types, decreased
by approximately 20% under the action of the light. The I‑V characteristics of the bow‑tie
diodes were sublinear (Figure 2). For more details, the inset of Figure 2 shows the depen‑
dence of the relative resistance change ∆R = R(U)−R(0)

R(0) on the voltage applied across the
diodes in the dark and under illumination. The dependence of the electrical resistance on
the voltage was more expressed in the case of the WO‑diodes, while the W‑diodes were
more sensitive to illumination.
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Figure 2. Current–voltage characteristics of the bow‑tie diodes in the dark (solid lines) and under
illumination (dashed lines, illuminance 14,400 lx.). In the inset: dependences of the relative resistance
change on applied voltage.

However, the detection properties of the bow‑tie diodes depended on the illumina‑
tion in a different way. First, the polarity of the voltage detected across the WO‑diodes
corresponded to the polarity of the Schottky diode‑detected voltage; i.e., a negative poten‑
tial arose on the narrower part of the bow‑tie structure (left side of the diode in Figure 1).
This diode terminal was grounded during the measurements, so the sign of the detected
voltage was positive. We called the detected voltage of this polarity the Schottky voltage
and further denoted it as the SCH voltage, and it is displayed in the graphs as a positive
voltage. In the case of illumination, approximately half of the W‑diodes detected a voltage
of the opposite polarity; i.e., a positive potential arose on the narrower part of the bow‑
tie structure. We called this polarity voltage the thermoelectromotive force voltage, the
TEMF voltage, and it is displayed in the graphs as a negative voltage. When the bow‑tie
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WO‑diodes were placed into the microwave electric field, the illumination increased the
detected voltage value while keeping its polarity the same. The influence of the illumina‑
tion on the voltage sensitivity of the nine WO‑diodes can be seen in Figure 3a; here, the
diodes are lined up in ascending order with regard to their voltage sensitivity.
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Figure 3. (a) Statistical representation of voltage sensitivity of some bow‑tie diodes on the base of
WO structures under illumination (open dots, illuminance 14,400 lx.) and in the dark (solid dots);
(b) statistical representation of illumination‑induced relative change in voltage sensitivity ∆S and
electrical resistance ∆R of the same WO‑diodes.

The voltage sensitivity of the diodes S is expressed as

S =
Ud
P

(2)

where Ud notes the detected voltage, and P is the incident microwave power. Figure 3b
depicts the relative change in the voltage sensitivity and the electrical resistance of the
same nine WO‑diodes due to the illumination. The relative percentage changes in the
voltage sensitivity ∆S and the electrical resistance ∆R of the bow‑tie diodes are determined
as follows:

∆S = 100·Sill − Sdark
Sdark

, ∆R = 100·Rdark − Rill
Rdark

, (3)

where the subscripts “ill” and “dark” denote the parameters of the diodes under illumina‑
tion and in the dark, respectively. The effect of the illumination on the voltage sensitivity
and the electrical resistance of the six W‑diodes is shown in Figure 4. The illumination
reduces the electrical resistance of the diodes, in the cases of both the W and WO types,
and it increases the voltage sensitivity of the WO‑diodes. However, different behavior is
observed in the case of the W‑diodes. Some W‑diodes show a decrease in the detected
voltage value, and out of these, those with a lower sensitivity change their voltage polarity
from the TEMF to the SCH sign under the action of the illumination (see Figure 4a). The
relative change in the electrical resistance is scattered between 15 and 25 percent, while the
relative change in the voltage sensitivity is much more significant and reaches hundreds
of percent.
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W structures under illumination (open dots, illuminance 14,400 lx.) and in the dark (solid dots);
(b) statistical representation of illumination‑induced relative change in voltage sensitivity ∆S and
electrical resistance ∆R of the same W‑diodes.

The voltage–power characteristics of the bow‑tie diodes based on the W structure are
presented in Figure 5a. A linear dependence of the detected voltage can be seen at a low
microwave power. The super‑linearity of the V‑P characteristic begins in the dark at an
intense microwave radiation, and this change can be caused by the substantial heating of
the semiconductor crystal lattice via continuous‑wave (CW) microwave radiation. An or‑
dinary lattice‑heating‑induced thermal electromotive force arises, and it contributes to the
thermal electromotive force of hot electrons, thus making the voltage–power characteristic
super‑linear. In the case of illumination, the linear V‑P characteristic of the W‑diode turns
into a sublinear one at a higher incident microwave power. This sublinearity and further
change in the detected voltage polarity may also be caused by the lattice‑attributed ther‑
mal electromotive force and by the appearance of the negative differential resistance in the
semiconductor due to the Gunn effect [41]. Here, the detected TEMF voltage adds to the
SCH voltage of the opposite polarity, resulting in a decrease in the total detected voltage
and even in the change in its polarity at a microwave power exceeding 1 mW. Note that the
“dark” and the “illuminated” detected voltages become almost equal in magnitude when
the maximum microwave power is applied (see Figure 5a).
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Figure 5. Voltage–power characteristics of the bow‑tie diodes on the bases of W (a) and WO (b) semi‑
conductor structures in the dark (solid dots) and under white‑light illumination. The illuminance of
the lamp was 14,400 lx. The lines are guides of linear dependence.

The bow‑tie diodes containing no InAs inserts, that is, the WO‑diodes, generate the
SCH voltage at a low microwave radiation power (see Figure 5b). However, as the power
is increased, the “dark” V‑P characteristic deviates from the linear law, and the detected
voltage changes its polarity from the SCH to the TEMF sign. As the maximum microwave
power is applied (slightly below 10 mW), the V‑P characteristic, again, turns into its linear
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form, indicating the presence of an ordinary thermal electromotive force and the Gunn
effect. When the meander‑modulated microwave signal is applied to the WO‑diode, the
lattice‑heating effect is minimized, and the contribution of the TEMF voltage to the total
detected voltage becomes weaker.

The influence of the illumination on the voltage sensitivity of the W‑diode can be seen
in Figure 6. The voltage sensitivity versus the microwave power at various illuminance
values is presented in Figure 6a. The stronger the light intensity, the lower the voltage
sensitivity resulting from the TEMF polarity voltage within the linear V‑P characteristic
region; the sensitivity drops down to zero at approximately 300 lx (see Figure 6b for the
negative values of sensitivity). A further increase in the light intensity turns the polarity of
the detected voltage into the SCH one, and then the sensitivity increases sublinearly with
the illuminance (Figure 6b). The range of the linear dependence of the detected SCH volt‑
age also increases with the illuminance; i.e., the dynamic range of the power‑independent
voltage sensitivity widens. As mentioned above, a strong microwave radiation heats the
semiconductor crystal lattice, and the thermal electromotive force arises across the ends of
the diode; in this case, the illumination obviously has a weak influence on the detection
properties of the bow‑tie diode on the base of the InGaAs semiconductor structure with
the InAs inserts (see the curves in Figure 6a demonstrating the voltage sensitivity at high
microwave radiation power).
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different white‑light illuminance values. (b) Dependence of voltage sensitivity on illuminance at
low microwave power.

Another observable feature of the W‑diodes is the inertness of their response to the mi‑
crowave radiation. Different voltage–power characteristics of the W‑diodes are observed
with the microwave power rising to a maximum value (forward case—fwd) and with it
declining to a minimum one (backward case—bwd). This inertness is not expressed dur‑
ing the measurements in the dark; however, the hysteresis of the V‑P characteristic can be
seen under illumination. As Figure 7a shows, the change in the voltage polarity occurs at a
lower power value in the backward case. This discrepancy in the V‑P characteristic can be
explained by the crystal lattice heating under the action of the microwave radiation. In the
bwd case, after the application of the maximum microwave power, some time is needed
for a crystal lattice to cool down and to eliminate or diminish the contribution of the TEMF
voltage to the total detected voltage. The voltage–power characteristics of the W‑diode
presented in Figure 7b were measured in the dark (square dots), under illumination (open
circles) and in the dark 10 min (upward triangles) and 45 min (downward triangles) after
illumination. To avoid the influence of the crystal lattice heating, the measurements were
carried out in the linear region of the V‑P characteristic, i.e., at low power values. As a
result, the linear V‑P characteristics are presented for measurements made in the dark and
under illumination.
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Figure 7. Demonstration of the detection inertness in the W bow‑tie diodes: (a) influence of mi‑
crowave power and (b) influence of 14,400 lx illumination. Arrows in (a) mark the direction of the
measurement: fwd, when the microwave power is increased, and bwd, when the power is decreased.
The lines in (b) are guides representing the linear law.

The time variation of the detected voltage across the W‑diodes after they were exposed
to a strong microwave electric field and illumination was worth a more detailed analysis.
A low microwave power (~70 µW) was applied to avoid the heating of the diode during the
measurements. First, the diode was affected by a strong microwave electric field of 7 mW
power radiation for a couple of minutes. Then, the power was reduced by two orders of
magnitude, and the detected voltage was measured at several time intervals. The measure‑
ments were carried out in the dark. The dependence of the detected voltage on time after
the impact of the strong electric field is presented in Figure 8a. The induced voltage of the
TEMF polarity relaxes to a stationary value that corresponds to the voltage sensitivity in
the linear region of the voltage–power characteristic. The relaxation is approximated by an
exponential function with two relaxation time constants: the relaxation starts with a time
constant τ1 = 17 s, which can be related to the crystal lattice cooling in the active region of
the W‑diode. A slower relaxation of the detected voltage with a time constant τ2 = 130 s is
unaccountable and requires further investigation. The relaxation of the detected voltage
after illumination with a visible light is demonstrated in Figure 8b. A fast decrease in the
detected SCH voltage and change in its polarity to the opposite TEMF one occurs just after
switching the illumination off. The measurement capabilities did not allow us to estimate
the time constant of this fast relaxation, so only the TEMF voltage relaxation was approx‑
imated, and this was carried out via an exponential function with a single relaxation time
(τ2 = 50 s). The long relaxation times of the detected voltage ranging tens of seconds are
related to temperature‑dependent phenomena.
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The dependence of the W‑diodes’ voltage sensitivity on temperature is different in
the dark and under illumination (Figure 9a). In the dark, the sensitivity corresponding
to the TEMF polarity decreases non‑monotonically with an increase in the temperature.
This decline can be explained by the decrease in electron mobility and electron energy
relaxation time in InGaAs with the increase in the temperature [42,43]. When the W‑diode
is illuminated, the detected SCH voltage decreases with the increase in the temperature,
and further, the total voltage changes its polarity due to the domination of the thermal
electromotive force at higher crystal lattice temperatures. The reduction in the hot‑electron
TEMF input in the dark due to the lattice heating and the increase in the ordinary TEMF of
the illuminated and heated diode lead to the convergence of the “dark” and “illuminated”
detected voltages, as can be seen in Figure 9a.
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Figure 9. Temperature dependence of voltage sensitivity (a) and electrical resistance (b) of the bow‑
tie diodes on the base of a selectively doped InAlAs/InGaAs semiconductor structure with InAs
inserts in the dark and under 14,400 lx illumination.

Illumination also influences the dependence of the electrical resistance of the W‑diode
on temperature (see Figure 9b). The resistance of the illuminated diode depends linearly
on temperature, and it is almost constant at a temperature close to room temperature in the
dark. At higher temperatures, the resistance of the “dark” diode begins to increase faster
with temperature, and it approaches the resistance of the illuminated diode. The different
temperature dependences can be explained as follows: the resistance of the illuminated
diode is related to the dependence of the charge carrier mobility on temperature, while
the resistance of the “dark” diode is additionally influenced by the change in the charge
carrier density caused by the temperature change.

The dependence of the detected voltage on frequency can help better understand the
origin of the voltage. These dependencies, in the dark and under illumination, are pre‑
sented in Figure 10. They are similar; however, this is most probably not due to the proper‑
ties of the W‑diode itself but rather the features of the microwave signal transmitting tract,
specifically the high‑frequency probe station. The experimental frequency dependence of
the voltage sensitivity of the W‑diode in the dark can be compared with the theoretical
voltage sensitivity of the bow‑tie diode with the semiconductor n‑n+ junction [44]:

Si =
Ud
Pi

=
2Rshµ0 tan α

3d2 ln a
d

P
Pi

N, (4)

where P is the microwave power absorbed by the diode; Pi denotes the incident microwave
power; µ0 is the low‑field electron mobility; and N stands for the factor that depends on
the frequency and electron energy, pulse and the Maxwell relaxation times [44]. The cal‑
culated frequency dependence of the voltage sensitivity of the W bow‑tie diode with the
electrical and geometrical parameters is presented in Figure 10 as a line. The frequency‑
independent voltage sensitivity of the illuminated W bow‑tie diode in the Ka frequency
range allows us to assume that the voltage detected by the illuminated diode is not caused
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by the contact phenomena but rather by the phenomena related to the charge carrier heat‑
ing in the microwave electric field.

One of these phenomena is the photo‑gradient effect of hot carriers [45]. The essence
of the photo‑gradient phenomenon lies in the rise of the electromotive force in light‑
illuminated homogeneous semiconductors when a large electric field gradient is created
on one side of the illuminated region. The separation of the excess light‑generated carri‑
ers occurs due to the Dember effect [46] and the different conditions of carrier diffusion
in the semiconductor regions with a strong electric field and with no electric field. The
light‑illuminated bow‑tie diode placed in a microwave electric field perfectly matches the
conditions that give rise to the photo‑gradient emf. A schematic view of the illuminated
bow‑tie diode is presented in Figure 11, and the electric field distribution in the bow‑tie
diode with an applied U = 1 V voltage was calculated as follows:

E =
2U

(d + x tan α) ln a
d

, (5)

where x denotes the longitudinal coordinate of the diode. The metallic Ge‑Ni‑Au contacts
of the diode shield the semiconductor regions from illumination and reduce the electric
field strength to zero. Therefore, the conditions that give rise to the photo‑gradient emf are
achieved since the electric field in the illuminated semiconductor structure is the strongest
in its narrowest part and drops to zero at its widest side. The polarity of the photo‑gradient
emf is determined by the dependence of the diffusion coefficient of the charge carriers
(electrons and holes) on the electric field strength. The photo‑gradient emf is added to or
subtracted from the thermal electromotive force of the hot carriers, which is also induced in
the bow‑tie diode under the action of the microwave electric field. In the case of the bow‑tie
diodes on the base of the InAlAs/InGaAs selectively doped structure with the InAs inserts,
that is, the W‑diodes, the photo‑gradient emf exceeds the thermal emf of the hot carriers in
the diode. Therefore, the polarity of the voltage detected across the W‑diode corresponds
to the TEMF polarity (in the dark), while the polarity of the voltage detected across the
white‑light‑illuminated diode is in accordance with the SCH polarity that corresponds to
the polarity of the photo‑gradient emf. In the case of the WO‑diodes fabricated on the
base of InAlAs/InGaAs without InAs inserts, the voltage detected in the dark has an SCH
polarity, and the illumination only slightly increases the total detected voltage due to the
arising of the photo‑gradient emf.
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14,400 lx illumination. The lines represent theoretical dependence of the voltage sensitivity on fre‑
quency in the case of bow‑tie diode with semiconductor n‑n+ junction.
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4. Conclusions 
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Figure 11. Schematic view of the bow‑tie diode illuminated with light (top) and distribution of elec‑
tric field in the active region of the diode with 1 V of applied voltage.

4. Conclusions
This study of the bow‑tie diodes on the bases of InAlAs/InGaAs selectively doped

semiconductor structures with and without InAs inserts in the InGaAs layer allowed us to
draw the following conclusions:
1. The dc and high‑frequency electrical properties of the bow‑tie diodes, i.e., their elec‑

trical resistance and voltage sensitivity, were sensitive to the illumination of the diode
with visible light.

2. The voltage sensitivity of the diodes with the InAs inserts was more responsive to the
illumination.

3. When the bow‑tie diodes with the InAs inserts with a typical lower voltage sensi‑
tivity were affected by the visible light, the polarity of the voltage detected across
them changed from that of a thermoelectric electromotive force of hot carriers to the
opposite one.

4. The illumination increased the voltage sensitivity of the bow‑tie diodes that had no
InAs inserts.

5. Analyses of the voltage–power characteristics, frequency dependence of the voltage
sensitivity in the Ka frequency range, the temperature dependence of the detected
voltage and the dynamics of the detected voltage through time allowed us to assume
that the photo‑gradient electromotive force arose in the bow‑tie diodes under
illumination.

6. The visible‑light‑induced increase in the photo‑gradient emf changed the polarity of
the detected voltage in the bow‑tie diodes with the InAs inserts and increased the
magnitude of the detected voltage in the diodes without the inserts.
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Appendix A
Cross‑section of the investigated semiconductor structures and their energy‑band di‑

agrams with electron density distributions. The thicknesses of the GaAs and InAs inserts
are 2.4 nm and 1.2 nm, respectively. The thickness of the δ‑Si doped layer is 2 nm.
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Appendix B
A structure block diagram of the probe station for the measurement of the detected

voltage dependencies on microwave power and frequency in the Ka frequency range [40].
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The measurement setup involves a TWT signal generator, “Elmika G4408E”, working
in the CW mode; coaxial‑waveguide adapters, “Elmika CWA‑08/K(f)”; a WR28 waveguide
transmission line; an “Elmika” directional coupler; a thermistor mount, “M5‑45”; a ther‑
mistor power meter, “M3‑22A”; a flap waveguide attenuator; a direct‑reading attenuator;
a broadband bias tee, “SHF BT 45 B”; a “Cascade Microtech EP6” probe station with air
coplanar probes, “ACP 40 A GS 250”; a digital voltmeter, “Agilent 34401A”; and connect‑
ing cables.
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A statistical presentation of the electrical resistance of the bow‑tie diodes under illu‑

mination with a visible light of 14,400 lx.



Sensors 2023, 23, 1441 15 of 16

Sensors 2023, 23, x FOR PEER REVIEW 14 of 17 
 

 

A structure block diagram of the probe station for the measurement of the detected 

voltage dependencies on microwave power and frequency in the Ka frequency range [40]. 

 

Figure A2. The structure block diagram of the measurement setup. 

The measurement setup involves a TWT signal generator, “Elmika G4408E”, work-

ing in the CW mode; coaxial-waveguide adapters, “Elmika CWA-08/K(f)”; a WR28 wave-

guide transmission line; an “Elmika” directional coupler; a thermistor mount, “M5-45”; a 

thermistor power meter, “M3-22A”; a flap waveguide attenuator; a direct-reading atten-

uator; a broadband bias tee, “SHF BT 45 B”; a “Cascade Microtech EP6” probe station with 

air coplanar probes, “ACP 40 A GS 250”; a digital voltmeter, “Agilent 34401A”; and con-

necting cables. 

Appendix C 

A statistical presentation of the electrical resistance of the bow-tie diodes under illu-

mination with a visible light of 14,400 lx. 

  
(a) (b) 

Figure A3. (a) The W bow‑tie diodes with InAs inserts; (b) the WO bow‑tie diodes without
InAs inserts.

References
1. Chan, W.L.; Deibel, J.; Mittleman, D.M. Imaging with terahertz radiation. Rep. Prog. Phys. 2007, 70, 1325–1379. [CrossRef]
2. Yu, L.; Hao, L.; Meiqiong, T.; Jiaoqi, H.; Wei, L.; Jinying, D.; Xueping, C.; Weiling, F.; Yang, Z. The medical application of terahertz

technology in non‑invasive detection of cells and tissues: Opportunities and challenges. RSCAdv. 2019, 9, 9354–9363. [CrossRef]
3. Petrov, V.; Pyattaev, A.; Moltchanov, D.; Koucheryavy, Y. Terahertz band communications: Applications, research challenges,

and standardization activities. In Proceedings of the 2016 8th International Congress on Ultra Modern Telecommunications and
Control Systems and Workshops (ICUMT), Lisbon, Portugal, 18–20 October 2016. [CrossRef]

4. Siegel, P.H. Terahertz Technology. IEEE Trans. Microw. Theory Tech. 2002, 50, 910–928. [CrossRef]
5. Virginia Diodes, Inc. Zero Bias Detector. Available online: https://www.vadiodes.com/en/products/detectors (accessed on

5 July 2022).
6. Teppe, F.; Knap, W.; Veksler, D.; Shur, M.S.; Dmitriev, A.P.; Kachorovskii, V.Y.; Rumyantsev, S. Room‑temperature plasma

waves resonant detection of sub‑terahertz radiation by nanometer field‑effect transistor. Appl. Phys. Lett. 2005, 87, 052107.
[CrossRef]

7. Tauk, R.; Teppe, F.; Boubanga, S.; Coquillat, D.; Knap, W.; Meziani, Y.M.; Gallon, C.; Boeuf, F.; Skotnicki, T.; Fenouillet‑Beranger,
C.; et al. Plasma wave detection of terahertz radiation by silicon field effects transistors: Responsivity and noise equivalent
power. Appl. Phys. Lett. 2006, 89, 253511. [CrossRef]

8. Spirito, D.; Coquillat, D.; De Bonis, S.L.; Lombardo, A.; Bruna, M.; Ferrari, A.C.; Pellegrini, V.; Tredicucci, A.; Knap, W.; Vitiello,
M.S. High performance bilayer‑graphene terahertz detectors. Appl. Phys. Lett. 2014, 104, 061111. [CrossRef]

9. Vitiello, M.S.; Viti, L.; Romeo, L.; Ercolani, D.; Scalari, G.; Faist, J.; Beltram, F.; Sorba, L.; Tredicucci, A. Semiconductor nanowires
for highly sensitive, room‑temperature detection of terahertz quantum cascade laser emission. Appl. Phys. Lett. 2012, 100, 241101.
[CrossRef]

10. Vitiello, M.S.; Viti, L.; Coquillat, D.; Knap, W.; Ercolani, D.; Sorba, L. One dimensional semiconductor nanostructures: An
effective active‑material for terahertz detection. APL Mater. 2015, 3, 026104. [CrossRef]

11. Song, A.M.; Lorke, A.; Kriele, A.; Kotthaus, J.P.; Wegscheider, W.; Bichler, M. Nonlinear Electron Transport in an Asymmetric
Microjunction: A Ballistic Rectifier. Phys. Rev. Lett. 1998, 80, 3831–3834. [CrossRef]

12. Song, A.M.; Omling, P.; Samuelson, L.; Seifert, W.; Shorubalko, I.; Zirath, H. Operation of InGaAs/InP‑Based Ballistic Rectifiers
at Room Temperature and Frequencies up to 50 GHz. Jpn. J. Appl. Phys. 2001, 40, L909–L911. [CrossRef]

13. Auton, G.; But, D.B.; Zhang, J.; Hill, E.; Coquillat, D.; Consejo, C.; Nouvel, P.; Knap, W.; Varani, L.; Teppe, F.; et al. Terahertz
Detection and Imaging Using Graphene Ballistic Rectifiers. Nano Lett. 2017, 17, 7015–7020. [CrossRef]

14. But, D.B.; Consejo, C.; Coquillat, D.; Teppe, F.; Knap, W.; Varani, L.; Torres, J.; Auton, G.; Zhang, J.; Hill, E.; et al. Millimeter and
submillimeter range detector based on Graphene Ballistic Rectifiers. In Proceedings of the Microwave and Radar Week (MRW
2018), Poznań, Poland, 14–17 May 2018. [CrossRef]

15. Song, A.M.; Missous, M.; Omling, P.; Peaker, A.R.; Samuelson, L.; Seifert, W. Unidirectional electron flow in a nanometer‑scale
semiconductor channel: A self‑switching device. Appl. Phys. Lett. 2003, 83, 1881–1883. [CrossRef]

16. Balocco, C.; Song, A.M.; Åberg, M.; Forchel, A.; González, T.; Mateos, J.; Maximov, I.; Missous, M.; Rezazadeh, A.A.; Saijets, J.;
et al. Microwave Detection at 110 GHz by Nanowires with Broken Symmetry. Nano Lett. 2005, 5, 1423–1427. [CrossRef]

17. Sangaré, P.; Ducournau, G.; Grimbert, B.; Brandli, V.; Faucher, M.; Gaquière, C.; Íñiguez‑de‑la‑Torre, A.; Íñiguez‑de‑la‑Torre, I.;
Millithaler, J.F.; Mateos, J.; et al. Experimental demonstration of direct terahertz detection at room‑temperature in AlGaN/GaN
asymmetric nanochannels. J. Appl. Phys. 2013, 113, 034305. [CrossRef]

18. Balocco, C.; Kasjoo, S.R.; Lu, X.F.; Linqing, Q.; Zhang, L.Q.; Alimi, Y.; Winnerl, S.; Aimin, M.; Song, A.M. Room‑temperature
operation of a unipolar nanodiode at terahertz frequencies. Appl. Phys. Lett. 2011, 98, 223501. [CrossRef]

19. Westlund, A.; Winters, M.; Ivanov, I.G.; Hassan, J.; Nilsson, P.‑Å.; Janzén, E.; Rorsman, N.; Grahn, J. Graphene self‑switching
diodes as zero‑bias microwave detectors. Appl. Phys. Lett. 2015, 106, 093116. [CrossRef]

http://doi.org/10.1088/0034-4885/70/8/R02
http://doi.org/10.1039/C8RA10605C
http://doi.org/10.1109/ICUMT.2016.7765354
http://doi.org/10.1109/22.989974
https://www.vadiodes.com/en/products/detectors
http://doi.org/10.1063/1.2005394
http://doi.org/10.1063/1.2410215
http://doi.org/10.1063/1.4864082
http://doi.org/10.1063/1.4724309
http://doi.org/10.1063/1.4906878
http://doi.org/10.1103/PhysRevLett.80.3831
http://doi.org/10.1143/JJAP.40.L909
http://doi.org/10.1021/acs.nanolett.7b03625
http://doi.org/10.23919/MIKON.2018.8405293
http://doi.org/10.1063/1.1606881
http://doi.org/10.1021/nl050779g
http://doi.org/10.1063/1.4775406
http://doi.org/10.1063/1.3595414
http://doi.org/10.1063/1.4914356


Sensors 2023, 23, 1441 16 of 16

20. Zhang, J.; Brownless, J.; Song, A. Graphene bridge rectifier based on self‑switching diode arrays. Nanotechnology 2019, 30, 364004.
[CrossRef]

21. Ašmontas, S. Study of Electron Heating by Nonuniform Electric Fields in n‑Si. Phys. Stat. Sol. (a) 1975, 31, 409–414. [CrossRef]
22. Ašmontas, S. Electrogradient Phenomena in Semiconductors; Mokslas: Vilnius, Lithuania, 1984; 184p. (In Russian)
23. Ašmontas, S.; Sužiedėlis, A. New Microwave Detector. Int. J. Infrared Millim. Waves 1994, 15, 525–537. [CrossRef]
24. Eom, S.‑H.; Seo, Y.; Lim, S. Pattern Switchable Antenna System Using Inkjet‑Printed Directional Bow‑Tie for Bi‑Direction Sensing

Applications. Sensors 2015, 15, 31171–31179. [CrossRef]
25. Brunetti, G.; Sasanelli, N.; Armenise, M.N.; Ciminelli, C. Nanoscale Optical Trapping by Means of Dielectric Bowtie. Photonics

2022, 9, 425. [CrossRef]
26. Sužiedėlis, A.; Gradauskas, J.; Ašmontas, S.; Valušis, G.; Roskos, H.G. Giga‑ and Terahertz Frequency Band Detector Based on

an Asymmetrically necked n‑n+‑GaAs Planar Structure. J. Appl. Phys. 2003, 93, 3034–3038. [CrossRef]
27. Juozapavičius, A.; Ardaravičius, L.; Sužiedelis, A.; Kozič, A.; Gradauskas, J.; Kundrotas, J.; Seliuta, D.; Širmulis, E.; Ašmontas, S.;

Valušis, G. Microwave Sensor Based on Modulation‑Doped GaAs/AlGaAs Structure. Semicond. Sci. Technol. 2004, 19, S436–S439.
[CrossRef]

28. Ašmontas, S.; Gradauskas, J.; Kozič, A.; Shtrikmann, H.; Sužiedėlis, A. Submicrometric Heavily Doped n‑GaAs Structures for
Microwave Detection. Acta Phys. Pol. A 2005, 107, 147–150. [CrossRef]

29. Minkevičius, L.; Tamošiūnas, V.; Kašalynas, I.; Seliuta, D.; Valušis, G.; Lisauskas, A.; Boppel, S.; Roskos, H.G.; Köhler, K. Tera‑
hertz Heterodyne Imaging with InGaAs‑Based Bow‑Tie Diodes. Appl. Phys. Lett. 2011, 99, 131101. [CrossRef]

30. Kašalynas, I.; Venckevičius, R.; Seliuta, D.; Grigelionis, I.; Valušis, G. InGaAs‑Based Bow‑Tie Diode for spectroscopic terahertz
imaging. J. Appl. Phys. 2011, 110, 114505. [CrossRef]

31. Jokubauskis, D.; Minkevičius, L.; Seliuta, D.; Kašalynas, I.; Valušis, G. Terahertz homodyne spectroscopic imaging of concealed
low‑absorbing objects. Opt. Eng. 2019, 58, 023104. [CrossRef]

32. Ajayan, J.; Nirmal, D. A review of InP/InAlAs/InGaAs based transistors for high frequency applications. SuperlatticesMicrostruct.
2015, 86, 1–19. [CrossRef]

33. Dyakonova, N.; El Fatimy, A.; Łusakowski, J.; Knap, W.; Dyakonov, M.I.; Poisson, M.‑A.; Morvan, E.; Bollaert, S.; Shchepetov,
A.; Roelens, Y.; et al. Room‑temperature terahertz emission from nanometer field‑effect transistors. Appl. Phys. Lett. 2006, 88,
141906. [CrossRef]

34. Stillman, W.J.; Shur, M.S. Closing the Gap: Plasma Wave Electronic Terahertz Detectors. J. Nanoelectron. Optoelectron. 2007, 2,
209–221. [CrossRef]

35. Ridley, B.K. Electron scattering by confined LO polar phonons in a quantum well. Phys. Rev. B 1989, 39, 5282–5286. [CrossRef]
36. Požela, J.; Jucienė, V.; Namajūnas, A.; Požela, K. Electron mobility and subband population tuning by a phonon wall inserted in

a semiconductor quantum well. J. Appl. Phys. 1997, 81, 1775–1780. [CrossRef]
37. Vasil’evskii, I.S.; Galieva, G.B.; Klimova, E.A.; Požela, K.; Požela, J.; Jucienė, V.; Sužiedėlis, A.; Žurauskienė, N.; Keršulis, S.;

Stankevič, V. Electron Mobility and Drift Velocity in Selectively Doped InAlAs/InGaAs/InAlAs Heterostructures. Semiconductors
2011, 45, 1169–1172. [CrossRef]

38. Sužiedėlis, A.; Ašmontas, S.; Gradauskas, J.; Čerškus, A.; Anbinderis, A. Indirect measurement of electron energy relaxation
time at room temperature in two dimensional heterostructured semiconductors. Materials 2022, 15, 3224. [CrossRef]

39. Williams, R. Modern GaAs Processing Methods, 2nd ed.; Artech House: Norwood, MA, USA, 1990; 437p.
40. Anbinderis, M. Investigation of Detection Properties of Planar Microwave Diodes Based on A3B5 Semiconductor Compounds in

Millimeter‑Wavelength Range. Ph.D. Thesis, Vilnius Gediminas Technical University, Vilnius, Lithuania, 2023. Available online:
http://dspace.vgtu.lt/handle/1/4340 (accessed on 18 January 2023).

41. Ašmontas, S.; Gradauskas, J.; Kundrotas, J.; Sužiedėlis, A.; Šilėnas, A.; Valušis, G. Influence of Composition in GaAs/AlGaAs
Heterojunctions on Microwave Detection. Mater. Sci. Forum 1998, 297–298, 319–322. [CrossRef]

42. Matsuoka, T.; Kobayashi, E.; Taniguchi, K.; Hamaguchi, C.; Sasa, S. Temperature Dependence of Electron Mobility in In‑
GaAs/InAlAs Heterostructures. Jap. J. Appl. Phys. 1990, 29, 2017–2025. [CrossRef]

43. Vainberg, V.V.; Pylypchuk, A.S.; Baidus, N.V.; Zvonkov, B.N. Electron mobility in the GaAs/InGaAs/GaAs quantum wells. Semi‑
cond. Phys. Quantum Electron. Optoelectron. 2013, 16, 152–161. Available online: http://journal‑spqeo.org.ua/n2_2013/v16n2‑201
3‑p152‑161.pdf (accessed on 27 January 2023). [CrossRef]

44. Ašmontas, S.; Anbinderis, M.; Čerškus, A.; Gradauskas, J.; Sužiedėlis, A.; Šilėnas, A.; Širmulis, E.; Umansky, V. Gated bow‑tie
diode for microwave to sub‑terahertz detection. Sensors 2020, 20, 829. [CrossRef]

45. Ašmontas, S.; Požela, J.; Repšas, K. The Photogradient, E.M.F. of Hot Carriers. Phys. Stat. Sol. (b) 1972, 51, 225–232. [CrossRef]
46. Seeger, K. Semiconductor Physics, 9th ed.; Springer: Berlin/Heidelberg, Germany, 2004; 538p.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au‑
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1088/1361-6528/ab25fd
http://doi.org/10.1002/pssa.2210310208
http://doi.org/10.1007/BF02096235
http://doi.org/10.3390/s151229851
http://doi.org/10.3390/photonics9060425
http://doi.org/10.1063/1.1536024
http://doi.org/10.1088/0268-1242/19/4/143
http://doi.org/10.12693/APhysPolA.107.147
http://doi.org/10.1063/1.3641907
http://doi.org/10.1063/1.3658017
http://doi.org/10.1117/1.OE.58.2.023104
http://doi.org/10.1016/j.spmi.2015.06.048
http://doi.org/10.1063/1.2191421
http://doi.org/10.1166/jno.2007.301
http://doi.org/10.1103/PhysRevB.39.5282
http://doi.org/10.1063/1.364033
http://doi.org/10.1134/S1063782611090259
http://doi.org/10.3390/ma15093224
http://dspace.vgtu.lt/handle/1/4340
http://doi.org/10.4028/www.scientific.net/MSF.297-298.319
http://doi.org/10.1143/JJAP.29.2017
http://journal-spqeo.org.ua/n2_2013/v16n2-2013-p152-161.pdf
http://journal-spqeo.org.ua/n2_2013/v16n2-2013-p152-161.pdf
http://doi.org/10.15407/spqeo16.02.152
http://doi.org/10.3390/s20030829
http://doi.org/10.1002/pssb.2220510123

	Introduction 
	Samples and Measurement Techniques 
	Results and Discussion 
	Conclusions 
	Appendix A
	Appendix B
	Appendix C
	References

