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Abstract

Results of experimental investigation of detection (rectification) of high pow-
er X-band microwave signal in diodes of various design (semiconductor
p-n-junction, point-contact, Schottky, Metal-Isolator-Metal—MIM) are re-
ported. The maximum of the detected direct voltage V'vs. power P of micro-
wave signal and subsequent polarity reversal, previously found in MIM dio-
des in the optical and microwave bands, have found to be characteristic of all
investigated diodes as well. After the reversal of polarity, this dependence
comes linear, and the sign of the voltage corresponds to thermoEMF. In some
diodes, the hysteresis on V(P) was observed. All 5 types of V(P) of MIM dio-
des (have made from different pairs of metals), reported earlier, were repro-
duced on same p-n-junction diode by variable external DC bias. These results
joined with abnormal frequency cutoff forced to suggest that there is an un-
known mechanism for direct flow of charge carriers (and for generate direct
current) in the high-frequency electrical field, which differs from the conven-
tional rectification.

Keywords

Quadratic Detection, p-n-Junction, Point Contact, Schottky Barrier,
High-Power Microwave Signal, Polarity Reversal, ThermoEMF, Hysteresis

1. Introduction

Rectifying (detecting) features of diodes of various designs (point-contact, p-n-
junction, Schottky-barrier, metal-isolator-metal —MIM) for high-frequency (HF,
up to the optical range) electromagnetic wave are interesting for many areas of
applications: radio and optical communication, radar, information processing,
and power engineering (energy harvesting and wireless power transfer systems—

rectenna) [1]-[10]. For example, increasing of efficiency of rectenna at optical
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and infrared bands lets to use them to convert huge volume of waste heat into
electricity and to reduce energy pollution of environment. Such an application of
semiconductor or MIM diodes requires knowing physical processes in these
structures under the electromagnetic wave of wide range of intensity (amplitude,
power). Unfortunately, description of high-frequency rectifying (detecting) prop-
erties of the diodes is still based on the expansion of volt-current characteristic
on powers of applied high-frequency voltage and subsequent averaging over the
signal period (small-signal theory) [11] [12] [13] [14].

Same approach cannot be considered physical, since the current-voltage cha-
racteristic is a secondary property in relation to the electronic processes taking
place in inhomogeneous diode structure exposed to high-frequency electromag-
netic waves. Therefore, it is impossible to explain some of the experimental facts
observed in various diodes at high-frequency, such as 1) a polarity reversal of the
detected voltage in MIM diodes for optical [15] [16] [17] or microwave signal of
high intensity [18] [19]; 2) detection of X-band signals by diodes having a cutoff
frequency of 10* - 10® Hz [20]; 3) the effect of the orientation of the polarization
of optical radiation on the detected voltage in planar MIM-diodes [16].

Investigating the polarity reversal of the detected voltage, Sullivan et al [21]
concluded that “... the final determination of the limiting response time of a di-
ode with a metal-to-metal point contact to optical radiation frequencies and the
mechanism responsible for the observed polarity reversals cannot be determined
until the physical mechanism describing the operation of the diode is unambi-
guously established, ie., SPV, MOM, or even some other.” However, we did not
find similar studies on diodes of other types (point-contact, Schottky, p-n junc-
tion). Apparently, the problem of the origin of maximum and polarity reversal
of the rectified voltage at high-power microwave signal (outside the quadratic
mode) have been overshadowed due to achievements in the design and applica-
tion of GaAs Schottky diodes.

In this paper, we studied experimentally the power dependence of the detected
(rectified) DC open-circuit voltage Vic(P) or short-circuit current £.(P) of diodes
of various designs (point contact, p-n-junction, Schottky barrier) at microwave
beyond the quadratic detection mode. The Experiment section describes the se-
tup, used to measure Vo.(P) or L.(P), and the measurement process. The novelty
of the results lies in the fact that the polarity reversal of the Vo(P) or L(P) is in-
herent not only in MIM diodes, but also in many other types of diodes. It is as-
sumed that the common reason for such a complex dependence V,(P) or L (P)

is the inhomogeneous distribution of microwave field in the diodes.

2. Experiment

The experiments were carried out at 9.3 GHz using the setup described in Figure
1 in standard notations for microwave technology. The M807 amplitron with a
stabilized power supply served as a source of microwave oscillations, and the

operating frequency was set by a movable short circuit to the maximum generated
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Figure 1. Setting for measuring the dependence of the detected signal on the microwave
power. 1 - M807 amplitron with a stabilized power supply; 2 - ferrite valve; 3 - Faraday
adjustable circulator (high-power controller); 4 - absorbing (low power) attenuator; 5 -
thermistor bridge (power meter) M4 - 3 with thermistor head M5 - 20; 6 - detector diode
for measuring microwave power; 7 - plotter N306; 8 - voltmeter-electrometer VK2 - 16; 9
- diode investigated in the waveguide; 10 - matched absorber.

power. The power of the microwave signal was controlled by a current con-
trolled Faraday switch (coarse tuning for output power more than 0.1 W) and an
absorbing variable attenuator (fine tuning for power less than 0.1 W). The diode
under study was placed in the middle of a wide waveguide wall with a cross sec-
tion of 23 x 10 mm (WR90) so the electric vector of the microwave was parallel
to the diode axis (normal to the plane of the p-n-junction or oxide layer, Figure
2(a)). After the diode under study, a matched load was placed instead of a typi-
cal short circuit in order to exclude the influence of interference phenomena (the
wave reflected from the short circuit) on the measurement results.

The microwave power supplied to the diode varied from uW to several W, the
dependences V..(P) as well as short-circuit current Z.(P) were recorded by N306
(H306) plotter, the inputs of which received signals from the DK-V4 (IIK-B4)
detector diode (proportional to the microwave power in the waveguide), and
from the output of the VK2-16 (BK2-16) voltmeter-electrometer. The need of a
VK2-16 voltmeter-electrometer (input resistance R, > 100 MOhm) to measure
the signal from the diode under study is due to the fact that in GA402 diodes
and MIM diodes, as shown by our previous experiments [13], the open circuit
mode is violated for the load resistance R, < 10° Ohm. Note that semiconductor
detectors usually operate in the short circuit (current source) mode, since their
load resistance is 50 - 10* Ohm [15].

The circuit for supplying the initial constant bias to the diode under study
when measuring the short-circuit current Z.(P) is shown in Figure 2(b). Com-
pensation of the initial current on the load resistor R3 or voltage drop on the
diode was necessary in order to be able to register only detected signal against
the background of a relatively high forward or reverse bias current (voltage
drop).

Diodes examined were GA401 (I'A401), GA402 (I'A402), DK-s7M (IIK-c7M),
DK-V4 (IIK-B4), KD514A (KI514A), D18 (I18), tunnel GI401 (I'/1401)—all
from Russia (Table 1, compiled from the site https://www.eandc.ru). Point-

contact MIM diodes were made of W wire and Mo plate. Parameters of the dio-
des given in the table are taken from datasheets, and the methods for measure-

ment these parameters are given in the book [11].
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Figure 2. (a) Displacement of the investigated diode in the waveguide 23 x 10 mm. The
diode is located in the middle of the wide wall of the waveguide. The axis of the diode is
parallel to the electric vector of the microwave field. 1 - waveguide, 2 - flanges; 3 - diode
under study; 4 - diode clampings crew; 5 - mica washer; 6 - clamping nut; 7 - output of
the detected signal. (b) Circuit to supply a direct bias to the diode under study. C - block-
ing (constructive) capacitor; E, Ec - bias and compensation sources (galvanic cells with
potentiometer); R1, R2 and R3 - resistances to supply bias, load and compensation (100

Ohm each); R - input resistance of the measuring device.

Table 1. Parameters and destination of diodes examined.

Material and flim,

Di
iode type technology Hz (RG, s)

Destination

Ge, diffusi
GA401 (TA401) & ciftusive (2.2 % 10712)
p-n-junction

Ge, diffusi
GA402 (TA402) & cimsive 102
p-n-junction

DK-s7M (JK-c7M) Si, point-contact

Parametric amplifier
up to S-band

X-band parametric

amplifier

X-band mixers

DK-v4 (IK-B4) Si, point-contact X-band video detector
KD514A (KII514A) Si, Schottky (2.7 x 1071Y) Pulse diode
D18 (1118) Ge, point-contact (8 x 107%) Pulse diode
D604 (1604) Si, point-contact 1010 Video detector
D605 ([1605) Si, point-contact Detector for C- and part
of X-bands (3 - 9, 4 GHz)
GI401 (T11401) Ge, tunnel diode Mixers and detectors
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3. Results and Discussion

3.1. Experimental Results

Current-voltage characteristics (CVC) of industrial diodes (GA401, GA402,
DK-s7M, KD514A, D18, tunnel GI401) are typical for all such diodes. CVC of
MIM diodes correspond to those described in the literature [14]-[19] [21] [22]
[23].

Figure 3 shows the room-temperature V,(P) for these diodes. In all cases one
can see the maximum of V,.(2), but polarity reversal was not achieved in some
diodes (Figure 3(b) and Figures 3(d)-(f)) because of they are destroyed at high
P. For p-n-junction and Schottky diodes (Figures 3(a)-(c)) takes place abrupt
change and hysteresis in V,(P).

Voe(P) of all diodes investigated is linear for small P. Figure 4 shows V.(P) for
parametric diode GA402 and detector diode D604 for small signal as an exam-
ple. It is seen that diode GA402 has a higher voltage sensitivity and linearity than
the D604.

We have mentioned above that diodes as detectors of microwave and optical
signals work in short-circuit mode (resistance of a load R, << R - intrinsic re-
sistance of the diode as signal source). Dependence of short-circuit current £.(P)
on incident power P was measured on diodes GA402 (Figure 5) as the power 7
for polarity reversal was smaller and these diodes were more stable for these in-
vestigations. It was found that the diodes can be divided into two groups ac-
cording to the form of L.(P) (curves 1 in Figure 6(a) and Figure 6(b), which are
similar to that of MIM-diodes in ref. [19]).

Figure 5 shows the effect of external direct bias on shape of the 4(?) of dio-
des. Initial current and voltage drop in this experiment were compensated by
circuit showed in Figure 3. The forward bias (curves 2 - 5 in Figure 6(a) and
Figure 6(b)), reducing the potential barrier, ultimately removes the maximum
L(P). The reverse bias (curves 6 - 10 in Figure 5(a) and Figure 5(b)) increases
the height of the potential barrier and ultimately leads to rectification in the op-
posite direction. In this case, the maximum also disappears and detected signal is
too small.

Previously, similar dependences L.(P) were observed for point-contact MIM
diodes by Kwok et al [18], Pyee et al [19] (Figure 6) at 10 GHz. Sillivan et al
[21] and Green et al [22] [23] noted a change in the sign of the detected signal
when mixing or detecting laser radiation. In the case of MIM-diodes, the shape
of the L.(P) depended on the metals forming the diode, ie. on the height and
shape of the potential barrier formed by the oxide layer. In particular, Pyee et al
[19] made 40 types of diodes from wire W, Cu and C, TaC filaments on a metal
base from Al, Hg, Mg, Mo, Nb, Ni, Pb, Sn, Ta, W, the Z.(P) of which it turned
out to be possible to break in 5 groups (Figure 5). However, we are not aware of
such studies on diodes with p-n-junction.

Let us especially note the presence of hysteresis in the V,.(P) of some exam-
ples of diodes GA402 (Figure 3(a) and Figure 7(a)), GA401 (Figure 3(b)) and
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Figure 3. Power dependence of detected open-circuit voltage Voc(P) of diodes GA402 (a), GA401 (b), KD514 (c), DK-s7M (d),

D18 (e) and GI401 (f).

KD514A (Figure 3(c)), the origin of which has not been clarified. Based on what
has been said above about the role of the shape and height of the potential bar-
rier in the detector properties of diodes, it can be assumed that this hysteresis is
due precisely to the features of electronic processes in the space charge region of

specific specimens of diodes.
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Figure 4. Small-signal detector characteristics of diodes GA402 (a) and D604 (b). Qua-
dratic detection takes place at P < 80 - 120 mW.
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Figure 5. Effect of direct bias on microwave power dependence of short-circuit current of
two group diodes GA402 (compare with Figure 6). (a): 1 - without a bias; forward cur-
rent: 2 - 2 pA; 3 - 20 uA; 4 - 100 pA; 5 - 500 muA; reverse voltage: 6 - 0.1 V;7-1V:8-3
V;9-5V;10-10 V; (b): 1 - without a bias; forward current: 2 - 1 nA; 3 - 100 nA; 4 - 2
HA; 5 - 200 pA; reverse voltage: 6 - 0.2 V;7-1V:8-3V;9-6V;10-10V.
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Figure 6. Detected current of MIM-diodes at microwave for various pairs of contacted
metals [19]: 1 and 2 - Al + W (oxide layer on Al generated in different ways), 3 - 5 - pairs
did not signed.
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Figure 7. Microwave power dependence of open-circuit voltage Voc of the serviceable (1)
and deliberate breakdown (2) diodes GA402 (a) and MIM (W + Mo) (b).
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Figure 7 shows V,(P) of diodes GA402 and MIM (W-Mo) serviceable (1) and
after deliberate breakdown (2). In this experiment, the opposite of the polarity of
the detected signal and thermoEMF in diodes is manifested.

The opposite of the polarity of the rectified voltage and thermoEMF is also
confirmed by the oscilloscope trace of the microwave pulse of 1 us duration, de-
tected by the diode DK-s7M (Figure 8). It is seen that the maximum and a sign
reversal of L.(P) at high microwave power are manifested a somewhat peculiarly:
at first, the pulse amplitude increases as microwave power, then a dip occurs
between the leading and trailing edges of the pulse. This dip comes deeper as
power increases, followed by the polarity reversal of the signal in the dip, but
positive teeth remain, corresponding to the rise and fall of the microwave pulse.
It follows from here that the settling and decay time of the detected signal does
not exceed the duration of the rise and fall of the microwave pulse, 7.e. no more
than 0.1 ps.

3.2. Discussion

Researchers often use a small-signal approach to describe high-frequency detec-
tor (rectifier) properties of semiconductor and MIM-diodes [11] [13] [15]. This
approach is based on the expansion of the CVC of the diode in powers of a small
high-frequency signal Vicosw? (w = 2nfis angular frequency), followed by aver-
aging over the period 7' = f*' of this signal. As a result, in the first approxima-
tion, a quadratic dependence of the detected voltage on the signal amplitude 1}
or a linear dependence on the power P OCVO2 (quadratic detection) is obtained.
Further increase in P changes this dependence to V,, (P) o P2 eV, (linear
detection). The disadvantage of this approach is that the CVC is a secondary
(derivative) characteristic of the electronic processes occurring in the diode, and
therefore is not physical. As a result, it is not possible to explain, for example, the
manifestation of detector properties at X-band frequencies for diodes whose cu-
toff frequency is 20 kHz - 100 MHz [20].

H NS
EEEE EEER IIII

Figure 8. Oscilloscope trace of detection of pulse microwave signal in the diode DKI-1M.
Vertical scale 2 V/p, horizontal scale 0.5 ps/p. A< o< < A< Ps< P <P =08 W.
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In some cases, for modeling of rectifiers performance a diode is considered to
work as an ideal switch-namely, zero forward voltage, zero on-resistance, infinite
off-resistance, and zero switching time [24], whereas current-voltage characte-
ristics and switching timeof real diodesare far from this model (Figure 11.14 in
ref. [13] and Figure 21 in ref. [25]).

As it is known from the Physics of semiconductor diodes [26], a direct exter-
nal bias (forward or reverse) changes the height and shape of the potential bar-
rier in the space charge region of the diode, creating an asymmetric and nonli-
near current-voltage characteristic (Figure 21 in ref. [26]). Therefore, it can be
argued, based on the similarity of Figure 6 and Figure 7 that the shape of the
Voo(P) and L (P) are indeed related to details of the potential barrier. However,
the detection (rectification) mechanisms proposed for MIM (MOM) diodes
(quantum mechanical tunneling through an asymmetric barrier, enhancement
of thermal field emission) [15] [16] [17] [18] [19] do not explain our experi-
ment, since in GA402 diodes the width of the space charge region is about 1 pm,
which excludes the electron tunneling.

There are old contradictory points of view in literature on the polarity of di-
rect voltage, generated in diodes under microwave or optical radiation [26] [27]
[28]. To solve the problem, we carried out additional experiments by a deliberate
breakdown of all type diodes. Diodes were broken through in different ways - by
passing direct current (>1A), high microwave power (more than 10 W), and in
MIM diodes also by mechanical force. After the breakdown, the CVC of the
diodes became linear and symmetrical, Ze. rectification is absent, the DC resis-
tance of the diodes is several Ohm. These experiments showed that the polarity
of the open-circuit voltage (of an operable diode) in all cases is opposite to the
sign of the thermoEMF of a punched diode (Figure 8). The reasons for this re-
main to be seen. Note that the most characteristic results only are showed in
Figure 8(a) and Figure 8(b) (curves 2), bearing in mind that it’s similarity in all
other diodes.

Most of the known studies of rectennas are devoted to the rectifying features
of MIM diodes [1]-[7] [14]-[19]. Such interest in MIM diodes (mainly point-
contact, as well as small area Schottky diodes) is due to a purely technical ap-
proach - the lower the resistance and capacitance of the diode, the higher the
cutoff frequency. Quantum mechanical tunneling of electrons through a thin (10
- 100 nm) potential barrier, which has the simplest trapezoidal form, is consi-
dered to be the main detection mechanism of MIM-diodes. But this mechanism
cannot explain polarity reversal of V,.(P) or L.(P) at higher incident power [18]
[19] [21] as well as correlation of pairs of contacting metals and shape of L.(P)
[19]. The mechanism of such a correlation has not been established, and it can
be assumed that it is due to the properties of the potential barrier created by the
dielectric (oxide) layer between the metals.

The situation forces researchers to recognize [29] that “... once stabilized, the

output voltage Vo, only depend on static parameters (in, R, 7...). In particular,
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it becomes independent of the geometrical capacitance. Consequently, the dras-
tic drop of V. observed in the high frequency regime cannot be induced by the
diodegeometrical capacitance.”

Analyses of experimental results on rectennas and rectifiers as well as theories
of MIM-diode working led Zhao et al [2] to conclude: “It’s worth noting that
there is no suitable rectifier for solar rectenna system to date. MIM diodes, in-
cluding metal-oxide-metal (MOM) diodes and metal-vacuum-metal (MVM)
diodes, are assumed as potential solutions, but the high impedance and low res-
ponsivity do not meet the requirements for visible and NIR rectification.”

Problems caused by uncertainty of physical mechanism for generation of di-
rect voltage or current take place also for thermoelectric and photoelectric con-
verters [30] [31]. This makes us think that some unidentified yet physical me-
chanism is situated behind the reported above phenomena in diodes of various
types. Due to this mechanism a spatial distribution of the charge carrier’s density
in diode and, as consequence, microwave or optical field distribution come uni-
form at high microwave power, so the rectified voltage disappears and ther-
moEMF comes the prevailed one. Same uniform distribution of charge carriers
in a diode can be generated by initial direct forward current passing through the
diode (Figure 6, curves 2 - 5). It may be considered that the hysteresis on the
power dependence of open-circuit voltage in some types of p-n-junction diodes
arises from this mechanismas well owing to peculiarities of the potential barrier

of the junction.

4. Conclusions

Characteristic features—a maximum and a polarity reversal—take place on the
power dependence of the direct open-circuit voltage or short-circuit current
generated in semiconductor or MIM diodes illuminated by microwave or optical
radiation.

It has been experimentally shown that the polarity of the detected (rectified)
voltage or current at low microwave power (before polarity reversal) is opposite
to the polarity of thermoEMF, while at high power (after polarity reversal) their
signs are same.

The physical mechanism for detecting (rectifying) a strong microwave signal
by semiconductor diodes of various types (p-n junction, point-contact, Schottky,
MIM) does not correspond to the generally accepted one, based on the decom-
position of the current-voltage characteristic of the diode in powers of the ap-
plied microwave voltage, followed by averaging over the oscillation period.

Some types of p-n-junction diodes have hysteresis of unknown origin on the
power dependence of detected open-circuit voltage.

To elucidate the physical mechanism of microwaveor optical signal detection
by diodes of various types (semiconductor or MIM), including sign reversal and
hysteresis, further studies of the interaction of the microwave field and the elec-

tron-hole gas in the space charge region or contacts of the diodes are required.

DOI: 10.4236/wjcmp.2023.131001

11 Advances in Aging Research


https://doi.org/10.4236/wjcmp.2023.131001

S. Reymbaeva et al.

Acknowledgements

The work is supported by Ministry of Innovative development of Uzbekistan
(grant Uzb-Ind-2021-78).

Conflicts of Interest

The authors declare no conflict of interests regarding the publication of this pa-

per.

References

[1] Azad, I, Ram, M.K., Goswami, D.Y. and Stefanakos, E. (2018) Fabrication and Cha-
racterization of NiO Based Metal-Insulator-Metal Diode Using Langmuir-Blodgett
Method for High Frequency Rectification. AIP Advances, 8, Article ID: 045219.
https://doi.org/10.1063/1.5034455

[2] Zhao, H., Gao, H., Cao, T. and Li, B. (2018) Efficient Full-Spectrum Utilization, Re-
ception and Conversion of Solar Energy by Broad-Band Nanospiral Antenna. Op-
tics Express, 26, A178-A191. https://doi.org/10.1364/OE.26.00A178

[3] Gadalla, M.N., Abdel-Rahman, M. and Shamim, A. (2014) 28.3 THz Nano-Rectenna
for Infrared Detection and Rectification. Scientific Reports, 4, Article No. 4270.
https://doi.org/10.1038/srep04270

[4] Conley, J.F. and Alimardani, N. (2013) Ch. 6. Impact of Electrode Roughness on
Metal-Insulator-Metal (MIM) Diodes and Step Tunneling in Nanolaminate Tunnel
Barrier Metal-Insulator-Insulator-Metal (MIIM) Diodes. In: Moddel, G. and Grov-
er, S., Eds., Rectenna Solar Cells, Springer, New York, 111-134.
https://doi.org/10.1007/978-1-4614-3716-1 6

[5] Reynaud, C.A., Duché, D., Simon, J.-J., et al (2020) Rectifying Antennas for Energy
Harvesting from the Microwaves to Visible Light: A Review. Progress in Quantum
Electronics, 72, 100265-100293. https://hal.archives-ouvertes.fr/hal-02895836
https://doi.org/10.1016/j.pquantelec.2020.100265

[6] Hesler, J., Prasankumar, R. and Tignon, J. (2019) Advances in Terahertz Solid-State
Physics and Devices. Journal of Applied Physics, 126, Article ID: 110401.
https://doi.org/10.1063/1.5122975

[7] Mescia, L. and Massaro, A. (2014) New Trends in Energy Harvesting from Earth
Long-Wave Infrared Emission. Advances in Materials Science and Engineering,
2014, Article ID: 252879. https://doi.org/10.1155/2014/252879

[8] Roy, S.K. and Mitra, M. (2006) Microwave Semiconductor Devices. Prentice-Hall of
India, New Delhi.

[9] Hagerty, J.A. (2003) Nonlinear Circuits and Antennas for Microwave Energy Con-
version. PhD Thesis, University of Colorado, Boulder.

[10] Gonibeed, A.K. (2020) Terahertz Diodes: A Review. J. Nano Research, Advanced
Materials and Polymer Science, 1, 4.

[11] Watson, H.A. (1969) Microwave Semiconductor Devices and Their Circuit Applica-
tions. McGraw-Hill Book Company, New York.

[12] Bayliss, R., Cabrera, E. and Howe, S. (2013) Microwave Diodes... Why a Schottky-
Barrier? Why a Point-Contact?

http://www.mwrf.com/rf-classics/microwave-diodes-why-schottky-barrier-why-poi
nt-contact

[13] Grigoriev, A.D., Ivanov, V.A. and Molokovsky, S.I. (2018) Microwave Electronics.

DOI: 10.4236/wjcmp.2023.131001

12 World Journal of Condensed Matter Physics


https://doi.org/10.4236/wjcmp.2023.131001
https://doi.org/10.1063/1.5034455
https://doi.org/10.1364/OE.26.00A178
https://doi.org/10.1038/srep04270
https://doi.org/10.1007/978-1-4614-3716-1_6
https://hal.archives-ouvertes.fr/hal-02895836
https://doi.org/10.1016/j.pquantelec.2020.100265
https://doi.org/10.1063/1.5122975
https://doi.org/10.1155/2014/252879
http://www.mwrf.com/rf-classics/microwave-diodes-why-schottky-barrier-why-point-contact
http://www.mwrf.com/rf-classics/microwave-diodes-why-schottky-barrier-why-point-contact

S. Reymbaeva et al.

(14]

(15]
(16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

Springer, New York. https://doi.org/10.1007/978-3-319-68891-6

Grover, S. and Moddel, G. (2011) Applicability of Metal/Insulator/Metal (MIM)
Diodes to Solar Rectennas. IEEE Journal of Photovoltaics, 1, 78-83.
https://doi.org/10.1109/JPHOTOV.2011.2160489

Guff, T. (2016) MOM Devices.

Gustafson, T.K., Schmidt, R.V. and Perucca, J.R. (1974) Optical Detection in Thin-
Film Metal-Oxide-Metal Diodes. Applied Physics Letters, 24, 620-622.
https://doi.org/10.1063/1.1655078

Faris, S., Gustafson, T.K. and Wiesner, J.C. (1973) Detection of Optical and Infrared
Radiation with DC-Biased Electron-Tunneling Metal-Barrier-Metal Diodes. /[EEE
Journal of Quantum Electronics, 9, 737-745.
https://doi.org/10.1109/]QE.1973.1077721

Kwok, S.P., Haddad, G.I. and Lobov, G. (1971) Metal-Oxide-Metal (MOM) Detec-
tor. Journal of Applied Physics, 42, 554-563. https://doi.org/10.1063/1.1660062

Pyee, M., Uebersfeld, J., Auvray, J. and Gastaud, C. (1974) Experimental Microwave
Study of Metal-to-Metal Point-Contact Diodes. Proceedings of the IEEE, 62, 526-529.
https://doi.org/10.1109/PROC.1974.9462

Abdurakhmanov, G., Esbergenova, A. and Reyimbaeva, S. (2021) Anomalies of Fre-
quency Cutoff of Semiconductor Diodes at Microwave. Technical Physics Letters,
47, 5-7. https://doi.org/10.1134/S1063785021010028

Sullivan, T.E., Lucas, A.A. and Cutler, P.H. (1977) Comments on Nonlinearity, Re-
sponse Time and Polarity Reversal in a Thermal Field Emission Metal Whisker Di-
ode. Journal of Applied Physics, 14, 289-294. https://doi.org/10.1007/BF00882734

Green, S.I. (1971) Point Contact MOM Tunneling Detector Analysis. Journal of
Applied Physics, 42, 1166-1169. https://doi.org/10.1063/1.1660161

Green, S.I., Coleman, P.D. and Baird, J.R. (1970) The MOM Electric Tunneling De-
tector. In: Fox, J., Ed., Proceedings of the Symposium on Submillimeter Waves, Po-
lytech, New York, 369-389.

Asiya, W.X., Ma, J., Osato, T., Zhu, W., Nguyen, K. and Sekiya, H. (2020) Genera-
lized Analysis and Performance Investigation of the Class-E/Fn Rectifiers. JEEE Access,
8, 124145-124157. https://doi.org/10.1109/ACCESS.2020.3005701

Sze, S.M. (1981) Physics of Semiconductor Device. Wiley, New York.

Conwell, E. (1967) High Field Transport in Semiconductors. Academic Press, New
York.

Harrison, R. and Zucker, J. (1963) Microwave Detection and Mixing Using the
Thermoelectric Effect of Hot Carriers in Semiconductor. Applied Physics Letters, 3,
153-154. https://doi.org/10.1063/1.1753909

Denis, V. and Pojela, Y. (1971) Hot Electrons. Vilnius, Mintis. (In Russian)

Altazin, S., Clerc, R., Gwoziecki, R., et al (2014) Physics of the Frequency Response

of Rectifying Organic Schottky Diodes. Journal of Applied Physics, 115, Article ID:
064509. https://doi.org/10.1063/1.4865739

Abdurakhmanov, G. (2018) Some Problems of Physics of the Thermoelectric Phe-
nomena. Uzbek Journal of Physics, 20, 1-8. https://doi.org/10.52304/.v20i1.15

Abdurakhmanov, G., Vokhidova, G. and Mamatkulova, S. (2018) Some Physical
Aspects of Solar Energy Conversion. Uzbek Journal of Physics, 20, 173-183. (In
Russian)

DOI: 10.4236/wjcmp.2023.131001

13 Advances in Aging Research


https://doi.org/10.4236/wjcmp.2023.131001
https://doi.org/10.1007/978-3-319-68891-6
https://doi.org/10.1109/JPHOTOV.2011.2160489
https://doi.org/10.1063/1.1655078
https://doi.org/10.1109/JQE.1973.1077721
https://doi.org/10.1063/1.1660062
https://doi.org/10.1109/PROC.1974.9462
https://doi.org/10.1134/S1063785021010028
https://doi.org/10.1007/BF00882734
https://doi.org/10.1063/1.1660161
https://doi.org/10.1109/ACCESS.2020.3005701
https://doi.org/10.1063/1.1753909
https://doi.org/10.1063/1.4865739
https://doi.org/10.52304/.v20i1.15

	Nonlinear Properties of an Inhomogeneous Diode Structure in a Strong Microwave Field
	Abstract
	Keywords
	1. Introduction
	2. Experiment
	3. Results and Discussion
	3.1. Experimental Results
	3.2. Discussion

	4. Conclusions
	Acknowledgements
	Conflicts of Interest
	References

