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Abstract. Recent research and development show promising use of high-performance solid-state receivers of
the electromagnetic radiation. These receivers are based on the low-barrier Schottky diodes. The approach to
the design of the receivers on the basis of delta-doped low-barrier Schottky diodes with beam leads without
bias is especially actively developing because for uncooled receivers of the microwave radiation these diodes
have virtually no competition. The purpose of this work is to improve the main parameters and characteristics
that determine the practical relevance of the receivers of mid-infrared electromagnetic radiation at the
operating room temperature by modifying the electrodes configuration of the diode and optimizing the distance
between them. Proposed original design solution of the integrated receiver of mid-infrared radiation on the
basis of the low-barrier Schottky diodes with beam leads allows to effectively adjust its main parameters
and characteristics. Simulation of the electromagnetic characteristics of the proposed receiver by using the
software package HFSS with the basic algorithm of a finite element method which implemented to calculate
the behavior of electromagnetic fields on an arbitrary geometry with a predetermined material properties
have shown that when the inner parts of the electrodes of the low-barrier Schottky diode is performed in
the concentric elliptical convex-concave shape, it can be reduce the reflection losses to -57.75 dB and the
standing wave ratio to 1.003 while increasing the directivity up to 23 at a wavelength of 6.09 pum. At this
time, the rounded radii of the inner parts of the anode and cathode electrodes are equal 212 nm and 318 nm
respectively and the gap setting between them is 106 nm. These parameters will improve the efficiency of the
developed infrared optical-promising and electronic equipment for various purposes intended for work in the
mid-infrared wavelength range.

Keywords: electrodes of the elliptical convex-concave shape, reflection losses, voltage standing wave ratio,
directivity.
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UccnenoBanus u pa3paboTKU MOCHEIHUX JIET MMOKA3bIBAIOT MEPCIHEKTUBHOCTD MCHONIb30BaHUS BBHICOKOA(]-
(eKTHBHBIX TBEPAOTENBHBIX HNPUEMHUKOB 3JICKTPOMArHUTHOTO M3JIyYEHHsT Ha OCHOBE HHU3KOOApPbEPHBIX
muonoB HlorTkn. OcoOeHHO aKTHBHO pa3BUBAETCS MOAXOA K KOHCTPYMPOBAHHUIO MPUEMHHMKOB Ha OCHOBE
d-JIernpoBaHHBIX HU3KOOaphepHbIX An0A0B IIIoTTKM ¢ GaJouHBIMU BBIBOAAMH 0€3 CMEILECHHUS, TaK KaK JJis
HEOXJIAXKIaeMbIX TPUEMHUKOB MUKPOBOJIHOBOTO U3IY4YEHHs Y HUX MIPAKTUYECKU HET KOHKYpeHTOB. Llenbio
paloThI SIBISUIOCH YITy4IIEHHE OCHOBHBIX MApaMETPOB M XapaKTEPUCTUK, ONPENEIISIONINX NPAKTHYECKYIO
BOCTPeOOBaHHOCTH NPUEMHHUKOB AJIEKTPOMArHUTHOTO U3TY4YEHHUS CpeIHET0 HH(PPAKPACHOTO AUAna30Ha JIHH
BOJIH, pabO0TalOUIMX [IPY TeMIeparypax, OJU3KUX K KOMHAaTHOH, 32 CHeT M3MEHEHHSI KOHPUTYpaLUH JIEKTPO-
JIOB IMO/Ia ¥ ONTUMM3ALMH PACCTOSIHUS MKy HUMHU. [IpeiokeHHOe OpUTrHHAIbHOE KOHCTPYKTUBHOE pe-
HIEHUE MHTErPabHOrO NPUEMHHUKA cpeaHero auanasona MK-usnmyueHns Ha oCHOBE HU3KOOAphEPHBIX ANO-
noB IloTrTku ¢ 6amoYHBIMU BBIBOAAMH T03BOJISIET 3 (EKTUBHO KOPPEKTUPOBATH €T0 OCHOBHBIC MapaMeTphl
U XapaKTepUCTHKH. MoaenupoBaHue NIEKTPOAMHAMUYECKUX XapaKTEPUCTHK MPEIJIOKEHHOTO MPUEMHHUKA,
ucronb3ys nporpaMmubiii maket HFSS, ¢ 6a30BbIM anropuTMomM MeTofa KOHEUHBIX 3JIEMEHTOB, pean3o-
BaHHBIM JIJIs1 pacyeTa MOBEICHUS 3JIEKTPOMAarHUTHBIX MOJIeH Ha IPOU3BOJILHON FEOMETPUH C NIPENBAPUTEIb-
HO 3a/laHHBIMU CBOMCTBaMHU MaTepHaJIOB, TOKAa3aJ0: YTO IPHU BBINOJIHEHUN BHYTPEHHUX YacTeH JIEKTPOAOB
HHU3Ko0apbepHoro auona LIoTTKM B BHJE KOHLUEHTPHUUYECKOH SIUIMINTHYECKOH BBITYKJIO-BOTHYTOH (hopMbI
MOKHO JIOCTUYb CHIKEHMS IOTEph Ha OTpaxkeHHe 10 —57,75 nb u ymenbiuenus xodduimenTta crosdyen
BoJHbI 710 1,003 ipu 0HOBPEMEHHOM yBEITUUEHUH KO (PHULIMEHTa HAIIPABICHHOTO IeHCTBUS 10 23 Ha M-
He BOJHBI 6,09 MKM. [Ipu 3TOM pannychl 3aKpyIVIeHHH BHYTPEHHHUX YacTe aHOJHOTO M KaTOAHOIO 3JIEKTPO-
JI0B cocTaBisii 212 HM 1 318 HM COOTBETCTBEHHO, a 3a30p MeXay HUMH - 106 HM. YkazaHHBIE TapaMeTpPbl
MO3BOJISIT MOBBICUTH 3 PEKTUBHOCTH pa3padarsiBaeMoil HHPpPaKpacHON MEPCHEKTUBHONW ONTHKO- U pajno-
JJIEKTPOHHOM armaparypsl pa3jIMuHOrO LEJIEBOIO Ha3HAYCHUs, NpeIHa3sHaueHHOH A padoThl B CpeJHEM
MH(PaKpPaCHOM IUara3oHe JJIMH BOJH.

KiaroueBble ¢jI0Ba: DJIEKTPOABI AIUIANTHYCCKOW BBIMYKIO-BOTHYTOH (DOpPMBI, TOTEpH Ha OTpakeHHUE,
KO3 DHUITUEHT CTOSICH BOTHBI, KOI(DPUITMEHT HATPABICHHOTO ACHCTBUS.
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Introduction

In recent years, special attention is given to
research on the development and production of high-
performance solid-state receivers of the infrared
electromagnetic radiation. These receivers are based
on the low-barrier Schottky diodes, which have
virtually no competition in the uncooled microwave
receivers [1, 2]. This range of electromagnetic waves
has attracted the attention of researchers both from
theoretical and practical purposes due to its relevance
in various fields of science and technology. The whole
Planet Earth and all things therein, even the ice, emit
the electromagnetic radiation located namely in this
range [3, 4]. The need to develop and produce the
compact, inexpensive and reliable infrared facilities
primarily relate to the expansion and deepening
of space research. In the space it is almost ideal
conditions for the propagation of infrared radiation,
as there are no absorbing and scattering media. The
practical relevance of the devices, that are based on
these receivers, not only in the space industry, but
also in biomedical applications, life safety systems,
non-destructive testing systems, diagnostic systems
of cancer diseases and many other areas [5-8].

The approach to the design of the receivers on
the basis of 3-doped low-barrier zero-bias Schottky
diodes, which have beam leads [9, 10] and embed
into the planar log-periodic and spiral (broadband)
or dipole and slot antenna [11], is the most successful
developed in this direction.

Upward frequency expansion of the operating
band is difficult due to a number of significant
limitations. The limit frequency of detection is
determined on the one hand by the loss resistance
and junction capacitance and on the other hand
by the quality of the plates of the raw material,
and the state of the art of technology and parasitic
parameters depending on its design. Reducing the
serial loss resistance by increasing the semiconductor
doping is limited by achieved value of the dopant
concentration [12]. Junction capacitance of the zero-
bias diode with an active region square of several
square microns is currently equal to several fF. One
of the main parasitic parameters is stray capacitance
of the diode, which is determined by the permittivity
and the structure of the elastic dielectric disposed
between the cathode and anode beam leads as well
as their size and relative position.

However, the low efficiency of such receivers at
room temperature prevents their wide use in practice
[13—15], because when the widths of the contact

and diode are equal to the microns fraction the edge
effects have a considerable influence on the current-
voltage characteristics of a semiconductor junction,
and the reduction of the width of the conducting
lines, leaded to the contacts, related to the technical
problems [16].

The purpose of this work is to improve the
main parameters and characteristics of the integrated
receiver of mid-infrared electromagnetic radiation
at the operating room temperature by modifying the
electrodes configuration of the diode and optimizing
the distance between them.

Receiver design

In the paper we examined the correction method
of the electric fields between the inner parts of the
electrodes in the low-barrier Schottky diodes with
the resonance nano- and microstructures. This
method is based on the configuration modification
of the inner parts of the metal electrodes, whose
dimensions are less than the wavelength of the
received electromagnetic radiation.

Known integral receiver [17] typically (Figure 1)
comprises a substrate 1, on which n™-layer 2,
n-layer 3 and dielectric layer 4 with the cutout 13
sequentially deposited, and also includes a cathode 7
and anode 8 electrodes with the respective cathode
(ohmic) 5 and anode (rectifying) 6 contacts in the
layers 2 and 3. Elastic dielectric layer 9 is disposed
over the electrodes 7 and 8. It has a window 12 in
the center and periodic holes symmetrically formed
on its outer parts 10. Resonance structures 11 in the
form of nano- and micro-sized open-loop rectangular
cavities located on the layer 9 at the perimeter of
periodic apertures.

Computer experiment

Simulation of the electromagnetic characteristics
of the proposed receiver was carried out in High
Frequency Structure Simulator (HFSS) software
package, which is the industry standard of the three-
dimensional solutions of the applications [18]. This
software has a high accuracy, calculating speed
and usability. Using advanced algorithms based
on the finite element, integral equation and hybrid
computational methods are implemented to calculate
the behavior of 3D electromagnetic fields on the
arbitrary geometry with predefined properties of
materials. The hybrid computational method divides
the problem into sub-areas, which can be calculated
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by using the finite element method, integral equation
method and physical optics.

Figure 1 — The structure of IR receiver (a) and the en-
larged fragment of its section (b): 1 — substrate; 2 — n*-lay-
er; 3 — n-layer; 4 — dielectric layer; 5 — cathode contact;
6 — anode contact; 7 — cathode electrode; 8 — anode elec-
trode; 9 — elastic dielectric layer; 10 — parts of the elastic
dielectric layer with holes; 11 — nano- and micro-sized

resonance structures; 12 — window; 13 — cutout

In the designed and implemented computer model
the thickness of the substrate 1, nt+-layer 2, n-layer
3 and the dielectric layer 4 made of silicon dioxide,
respectively were: 1 um, 2 pm, 0.1 um and 0.1 um. The
length and width of the substrate 1 and layers 2, 3 and 4
of the Schottky diode was 4 um % 3 um. Layers 2 and 3
are made of gallium arsenide with bulk conductivities
143 x 10° S/m and 45.45 x 10° S/m respectively.
Dimensions (LxWxH) of the cutout 13 in the dielectric
layer 4 under the electrode 8 are selected equal to
1.5 x 3 x 0.1 pm, and the dimensions of the golden
electrodes 7 and 8 are equal to 15.25 x 0.5 x 0.5 um.
The gap between the inner parts of the electrodes was
varied between 100 to 112 nm.

We carried out calculation of the basic
parameters and characteristics of the examined IR
receiver for the inner parts of the electrodes 7 and
8 with the corresponding contacts 5 and 6 in a non-
concentric (Figure 2a) and concentric (Figure 2b)
elliptic convex-concave shape. In the first case,
the inner parts of the electrodes 7 and 8 with the
corresponding contacts 5 and 6 are disposed along
the axis of the electrodes relative to each other, and
their rounded radii are equal. In the second case,
the inner parts of the electrodes 7 and 8 with the
corresponding contacts 5 and 6 are disposed along
the axis of the electrodes relative to each other, and
their rounded radii are different.

a b

Figure 2 — Enlarged fragment (plane view) of the inner
parts of the electrodes performed in a non-concentric (a)
and concentric (b) elliptic convex-concave shape

Elastic dielectric layer 9 in the form of
a polyimide plate has dimensions LxWxH:
12.25 x4.25 x 2.5 um. The length and width of nano-
and micro-sized open-loop rectangular resonance
structures 11, which made of gold and have a gap
of 135 nm, was equals 4.05 and 0.9 um respectively.

Analysis of the results

For examined configuration variants of the
inner parts of the electrodes with the corresponding
contacts, as well as for different values of the
rounded radii of the inner parts and gaps settings
between them, we calculated the reflection losses
of the received infrared electromagnetic radiation,
standing wave ratio (SWR) and the directivity.

The dependences of the reflection losses of the
integrated receiver for the first and second cases on
the rounded radius of the inner part of the anode
electrode are shown in Figure 3. The dependence
of the reflection losses of the integrated receiver for
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the second, as the most appropriate, case on the gap
setting between the inner parts of the electrodes is
shown in Figure 4.
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Figure 3 — The dependences of the reflection losses of the
mid-infrared electromagnetic radiation receiver with the
resonance nano- and microstructures on the rounded ra-
dius of the inner part of the anode electrode in a non-con-
centric (curve 1) and concentric (curve 2) elliptic convex
shape relative to the inner part of the cathode electrode in
an elliptic concave shape
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Figure 4 — The dependence of the reflection losses of the
mid-infrared electromagnetic radiation receiver with the
resonance nano- and microstructures on the gap setting
between the inner parts of the electrodes in a concentric
elliptic convex-concave shape

Analysis of the results shows that the optimal
shape of the inner parts of the electrodes with the
corresponding contacts, when the gap setting
between the inner parts is equal / = 106 nm, is
concentric elliptic convex-concave shape with
the rounded radius of the inner part of the anode
electrode R =212 nm. At that, the rounded radius of
the inner part of the cathode electrode R, = 318 nm
(R.=R, +1.

The dependences of the reflection losses and
SWR of the integrated receiver for the first (curves 1)

and second (curves 2) cases and the case given in
[17] (curves 3) for the same range of wavelengths of
the electromagnetic radiation are shown in Figures 5
and 6.
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Reflection losses, dB

=501

_60 T T T
58 6.0 6.2 6.4

A, um

Figure 5 — The dependences of the reflection losses of the
mid-infrared electromagnetic radiation receiver with the
resonance nano- and microstructures on the wavelength
for the first (curve 1) and second (curve 2) cases and the
case given in [17] (curve 3)

1.64 7™ ~.

SWR

A, um

Figure 6 — The dependences of the ratio standing wave of
the mid-infrared electromagnetic radiation receiver with
the resonance nano- and microstructures on the wave-
length for the first (curve 1) and second (curve 2) cases
and the case given in [17] (curve 3)

According to the carried out calculations,
the minimum reflection losses are equal —26.99,
—57.75 and —44.15 dB (curves 1, 2 and 3, Figure 5),
respectively, at wavelengths of 5.93, 6.09 and
6.26 um. The minimum SWR are respectively 1.094,
1.003 and 1.012 (curves 1, 2 and 3, Figure 6) on the
same wavelength.

Analysis of the results shows that the
implementation of the inner parts of the electrodes
with the corresponding contacts in a concentric
elliptic convex-concave shape allow to reduce the
reflection losses to —57.75 dB and the SWR to 1.003.
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Moreover, the calculation of the direction pattern
shows that the directivity for the above-mentioned
case is improved, i.e. it reaches about 23 (Figures 7
and 8).
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Figure 7 — Directivity pattern of the mid-infrared electro-
magnetic radiation receiver with the resonance nano- and
microstructures on the azimuthal angle at the elevation
angle 6 = 180 degrees for the first (curve 1) and second
(curve 2) cases and the case given in [17] (curve 3)
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Figure 8 — Directivity pattern of the mid-infrared electro-
magnetic radiation receiver with the resonance nano- and
microstructures on the elevation angle at the azimuthal
angle @ = 90 degrees for the first (curve 1) and second
(curve 2) cases and the case calculated for [17] (curve 3)

Conclusion
By numerical methods we studied the effect

of the electrodes configuration and the distance
between them in the low-barrier Schottky diodes

on the main parameters and characteristics that
determine practical suitability of receivers of mid-
infrared electromagnetic radiation.

We have shown that by modifying the
configuration of the inner parts of the electrodes
it can be effectively adjust the main parameters
and characteristics of the infrared receivers based
on the low-barrier Schottky diodes. In particular,
when the inner parts of the electrodes is performed
in a concentric elliptic convex-concave shape we
achieved a reduction of the reflection losses to
—57.75 dB and the standing wave ratio to 1.003 while
increasing the directivity up to 23 at a wavelength
of 6.09 um. At that, the rounded radii of the inner
parts of the anode and cathode electrodes are equal
212 nm and 318 nm respectively and the gap setting
between them is 106 nm.

Examined infrared receiver can improve the
operating efficiency of the developed promising
infrared optical and electronic equipment for various
purposes.

References

1. Sydlo C., Cojocari O., Schonherr D., Goebel T.,
Meissner P., Hartnagel H.L. Fast THz detectors based on
InGaAs Schottky diodes. Frequenz, 2008, vol. 62, no. 5-6,
pp. 107-110.

2. Ferguson B., Zhang X.-C. Materials for terahertz
science and technology. Nature Materials, 2002, no. 1,
pp. 26-33.

3. Pierrehumbert R.T. Infrared radiation and plan-
etary temperature. Physics Today, 2011, vol. 64, iss. 1,
pp- 33-38.

4. Pupeza 1., Sanchez D., Zhang J., Lilienfein N.,
Seidel M., Karpowicz N., Paasch-Colberg T,
Znakovskaya I., Pescher M., Schweinberger W., Pervak V.,
Fill E., Pronin V., Wei F., Krausz F., Apolonski A.,
Biegert J. High-power sub-two-cycle mid-infrared pulses
at 100 MHz repetition rate. Nature Photonics, 2015,
vol. 9, no. 11, pp. 721-724.

5. Vatansever F., Hamblin M.R. Far infrared radiation
(FIR): its biological effects and medical applications. Pho-
tonics and Lasers in Medicine, 2012, no. 4, pp. 255-266.

6. Sigrist M.W. Mid-infrared laser-spectroscopic
sensing of chemical species, Journal of Advanced Re-
search, 2015, vol. 6, iss. 3, pp. 529-533.

7. Rettich F., Vieweg N., Cojocari O., Deninger A.
Field intensity detection of individual terahertz
pulses at 80 MHz repetition rate. Journal of Infrared,
Millimeter, and Terahertz Waves, 2015, vol. 36, iss. 7,
pp. 607-612.

8. Vaks VL. Anfertev V.A., Goltsman G.N.,
Pentin 1.V., Tretyakov LV. [High resolution terahertz
spectrometer based on nanostructured semiconductor

134



TIpubopwr u memoosv usmepeHuil
2016.—T. 7, Ne 2. — C. 129-135
Ecman A.K. u op.

Devices and Methods of Measurements
2016, vol. 7, no. 2, pp. 129—-135
Esman A.K. et al.

and superconductor devices]. Zhurnal radioelektroniki
[Journal of Radio Electronics]. 2016, no. 1, pp. 54-63 (in
Russian).

9. Shashkin V.I., Murel’ A.V. Diagnostics of low-
barrier Schottky diodes with near-surface &-doping.
Semiconductors, 2008, vol. 42, iss. 4, pp. 490-492.

10. Sassen S., Witzigmann B., Wolk C., Brugger H.
Barrier height engineering on GaAs THz Schottky diodes
by means of high-doping, InGaAs- and InGaP-layers.
IEEE Transaction on Electron Devices, 2000, vol. 47,
pp- 24-32.

11. Brown E.R. A system-level analysis of Schottky
diodes for incoherent THz imaging arrays. Solid-State
Electronics, 2004, vol. 48, iss. 10-11, pp. 2051-2053.

12. Maiwald F., Lewen F., Ahrens V., Beaky M.,
Gendriesch R., Koroliev A.N., Negirev A.A., Vowinkel G.,
Winnewisser G. Pure rotational spectrum of HCN in
the terahertz region: use of a new planar Schottky diode
multiplier. Journal of Molecular Spectroscopy, 2000,
vol. 202, iss. 1, pp. 166—168.

13. Kosyachenko L.A., Markov A.V., Ostapov S.E.,
Rarenko I.M., Sklyarchuk V.M., Sklyarchuk Ye.F.
Electrical properties of narrow-gap HgMnTe Schottky
diodes. Semiconductors, 2002, vol. 36, iss. 10, pp. 1138—
1145.

14. Shevchik-Shekera A.V. [Real and limit sensitivity
of some radiation detectors of THz/sub-THz ranges].
Tekhnologiya i konstruirovaniye v elektronnoy apparature
[Technology and design in electronic equipment]. 2012,
no. 1, pp. 3—6 (in Russian).

15. Kazemi H., Shinohara K., Nagy G., Ha W,
Lail B., Grossman E., Zummo G, Folks W.R., Alda J.,
Boreman G. First THz and IR characterization of nanome-
ter-scaled antenna-coupled InGaAs/InP Schottky-diode
detectors for room temperature infrared imaging. Proc. of’
SPIE, 2007, vol. 6542, pp. 65421J-1-4.

16. Zakamov V.R., Chechenin Y.I., Pryakhin D.A.,
Yurasov D.V. [Low-barrier Schottky diode on silicon wa-
fers with lateral structure]. Uspekhi Prikladnoi Fiziki [Ad-
vances in Applied Physics]. 2013, vol. 1, no. 1, pp. 97—
104 (in Russian).

17. Esman A K., Kuleshov VK., Zykov G.L., Zaless-
ki V.B. [Infrared detector on the basis of the Schottky junc-
tion with the resonance nano- and microstructures]. Nano- i
mikrosistemnaya tekhnika [Journal of Nano and Microsys-
tem Technique]. 2014, no. 3, pp. 44-46 (in Russian).

18. Bankov S.E., Guttsayt E.M., Kurushin A.A.
Reshenie opticheskikh i SVCh zadach s pomoshch ’yu
HFSS [The solution of optical and microwave problems
using HFSS]. Moscow, Orkada Publ., 2012. 250 p.

135



