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A microwave semiconductor diode (microwave diode) is a semiconductor diode designed
for converting and processing a microwave signal. Semiconductor microwave diodes are used
in various radio electronic equipment and measuring equipment in the microwave range, i.e.
at frequencies above 300 MHz. Initially, microwave diodes were used for detecting and mixing
signals. For these purposes, point diodes were used, in which the rectifying electrical transition
occurred between the semiconductor crystal and a clamping metal electrode in the form of
a pointed spring. Recently, new types of microwave diodes have almost completely replaced
point detector and mixing diodes. They make it possible to solve the problems of generating
and amplifying electromagnetic oscillations in the microwave range, frequency multiplication,
modulation, regulation, signal limitation, etc. However, despite their widespread use, the cost
of microwave diodes remains relatively high due to the low yield of usable diodes, which is
explained by the high level of reverse current of the devices. The article discusses the causes and
mechanisms of degradation of the reverse characteristics of microwave diodes. It is shown that
the reason for the low yield of diodes is the significant influence on their reverse characteristics
of structural defects and impurities and the quality of the surface of varicap structures. It is
established that the main reason for the low percentage of yield of suitable investigated varicaps
are epitaxial packing defects in the original epitaxial structures and oxidative packing defects
formed in the active regions of varicap structures in the processes of high-temperature operations.
The conducted studies have shown that the most effective method of preventing the formation of
structural defects in epitaxial layers is the creation of a gettering region on the reverse side
of the substrates by means of its processing with an Nd — laser. The proposed technology for
manufacturing diode structures using gettering with a getter region created on the reverse side of
a silicon substrate by laser processing it before deposition of an epitaxial layer is considered in
detail. Experimental results of the study of the influence of gettering on the reverse characteristic
of a microwave diode are presented, and possible mechanisms of this influence are analyzed. The
effectiveness of the proposed technology using gettering in reducing the level of reverse currents
and increasing the percentage of yield of suitable devices is shown.

Key words: ultra-high-frequency diode, epitaxial packing defects, oxidative packing defects,
reverse current, getter, diode structures.

Jlumeunenko B. M., 3yoenko B. O. Onmumizayia mexHon02ii 6uz0mMo61IeHNA
HAOBUCOKOUACMOMHO020 0ioda

Haosucoxouacmommuuii nanienposionuxosuti 0io0 (HBY-0io0) — ye HanienpogioHuxosui
0i00, npusHaueHuil OJi1 NEPEeMEOPeHHs i 0OPOOKU HADBUCOKOUACMOMHO20 cucHary. Hanienpo-
sionukosi HB4-0ioou 3acmocogyoms 6 pisHill padioeneKmponHtill anapamypi i 6UMIpIO8AIbHIll
mexuiyi HBY-0ianazomny, moomo na wacmomax 6invue 300 MI'y. Cnouamxy HBY-0ioou euko-
pUcmosysanu 0si 0emeKmy8anHs i 3MIULYBaHHs CucHanie. [{is yux yinel 3acmocosysany mou-
KO8 0i00U, GUNPAMASIOYUL eLeKMPUUHUL Nepexio 6 AKUX GUHUKAE MINC KPUCTATIOM HANI6Npo-
BIOHUKA | NPUMUCKHUM MEMAaleeum enekmpooom y ueniol saeocmpenoi npyxcunku. Cmeopeni
ocmanHim yacom Hogi munu HBY-0i00ié npakmuyHo yiikom 3aMIHUIU MOYKOBI OemeKmopHi
i 3smiuysanvHi 0ioou. Bonu 0aromv MOXCIUBICING 8UPIULY8amMU 3A80AHHA 2eHepayii i NOCUNEeHH S
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enexkmpomacHimuux Koausawy HBUY-Oianasony, MHOMCEHHS uacmomu, MOOyaayii, peeyno-
6anHs, obmedcenns cuenanie moujo. OOHAK He38ANCAIOYU HA WUPOKE 3ACMOCYBAHHS, APMICMb
HBY-0i00ig 3anumiaemopcsi NOPIBHAHO BUCOKOK [3-34 HU3bKO2O BUXOQY NPUOAMHUX 0i00i8, W0
NOSICHIOEMbCSL UCOKUM DIGHEM 360POMHO20 CmpyMy npunadie. B cmammi posenanymi npuyunu
ma mexaHizmu Oezpaoayii 360pOMHUX XAPAKMEPUCMUK HAOBUCOKoYacmomHuux 0iodie. Iloka-
3aHO, WO NPUYUHOIO HUZBKO20 GUXOOY 0I00I8 AGNIAEMbCS CYMMEBUI 6NIUB HA IX 360POMHI XapaK-
MePUCUKU CMPYKMYPHUX 0eheKmi6 i NOCMOPOHHIX OOMIWOK ma AKOCMI NOBEPXHI 8apUKAN-
HUX cmpykmyp. Bemanoeneno, wo 201061010 nputuHoI0 HU3bK020 I0COMKA BUX00Y NPUOAMHUX
00CIOANCYBAHUX 8APUKANIE € enimAaKciaibHi Oeekmu YNaKy8anHsa y GUXIOHUX enimaKcianbHux
CMPYKMypax ma oKUCI08AIbHI degheKmu ynaxKy8anisl, wjo YmeopiolomvbCs 8 AKMusHUX 001acmsx
8APUKANHUX CIPYKIYD 8 Npoyecax npoeedeHHs sucoxomemnepamypHuux onepayii. IIposedeni
Q0CTIONCEHHSL NOKA3ATU, WO HAUOLIbUL eDEeKMUBHUM MEMOOOM 3an00i2anHsl YMEOPEHHIO CIPYK-
MYypHUX Oehexmis 6 enimaxcianbHux wapax € CMeopents 2emepyioyoi oonacmi Ha 360pOMHOMY
60yi niOKk1IAdoK 3a donomo2oio it 06podxu Nd — nazepom.

Hemanvno posenanyma 3anpononoeana mexHonoz2is 6u2comoeieHHs cmpykmyp 0iooie 3 GuKo-
PUCMAHHAM 2emepy8aHHs 00aacmio cemepa, CMEOPEeHOI0 HA 360POMHIlL CMOPOHT KPEeMHIE80T
nIOKAAOKU 3a 0ONOMO2010 00pOoOKU ii 1azepom neped O0CAONCEHHAM enimaxcianibHO20 wapy.
Hagedeno excnepumenmanvui pesyniomamu OOCTIONCEHHSI 6NAUBY 2eMePYBAHHS HA 360POMHY
xapaxmepucmuxy HBY-0iooa, a makodc npoananizoeano MONCIUGI MEXAHIZMU YbO20 GNIUBY.
Tokazana eghpexmugHicmv 3anponoHOBAHOI MEXHON02IT 3 GUKOPUCTNAHHAM 2emepySaHHs U000
SHUICEHHS PIBHS 360POMHUX CIMPYMI6 | NIOSUWeHHA 8I0COMKA 8UX00Y NPUOAMHUX NPUNAJIS.

Knruosi cnosa: naosucoxouacmomuuil 0io0, enimakcianvii Oeghexmu YynaxKy8aHHsi, OKUCTIO-
8a/IbHI OeqheKmu YNaKy8aHHsl, 360pOMHULL CMPYM, 2emep, OI0OH] CIMPYKMYPU.

Problem statement. In radio electronics, ultra-high-frequency diodes are used in
microwave frequency multipliers, for the conversion and processing of ultra-high-fre-
quency signals, etc. [1, 2]. However, it should be stated that the cost of diodes remains
relatively high due to the low output of suitable devices for monitoring their reverse
currents. Studies have shown that the main reason for the high level of reverse diodes
currents are structural defects and impurities of heavy metals in the active areas of
diodes [3-5]. In silicon-based diodes, heavy metal impurities, accelerating along struc-
tural defects, penetrate into the spatial charge region of the p-n junction, where deep
levels are created in the forbidden zone of silicon, through which additional generation
of charge carriers occurs, which leads to an increase in the level of the reverse diode cur-
rents [6]. Gettering is used to prevent the defects formation in the active areas of diode
structures, or to eliminate already formed defects — the process of extracting impurities
from the active areas of diodes into the gettering area, which is usually located in the
inactive area of the diode, where they do not affect the device operation [7, 8], but, as
practice has shown, many of them are ineffective in reducing the level of reverse diodes
currents.

Formulation of the research objective. The object of this work is to study the effect
of structural defects on the reverse current level of an ultra-high-frequency diode and to
determine the effectiveness of the proposed technology for creating a gate junction area
in the diode structure in terms of reducing its reverse current level and increasing the
percentage of suitable devices.

Presentation of the main research material

Experimental samples. The studied diode structures were manufactured using
standard mesa-planar technology [9] on phosphorus-doped silicon epitaxial structures
of n-type conductivity with a resistivity of 30 Q-cm and a thickness of 7 mm, grown
on a silicon substrate oriented along the plane (111). I boron deposition by the open
tube method from a solid source of B,O, at T = 1050 °C for 25 minutes in a mixture of
argon (120 I/h) and dry oxygen (7 1/h); removal of borosilicate glass in a hydrofluoric
acid solution; boron expansion at T = 1150 °C in a mixture of dry oxygen (190 I/h)
and argon (30 I/h) for 5.5 h; and photolithography to create a mask in the form of
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round silicon dioxide areas necessary for the manufacturing of mesa-structures; for-
mation of mesa-structures by etching silicon in HF solution: HNO,CH,COOH=2:9:4;
thermal oxidation of the wafers at T = 1050 °C with subsequent alternation of cycles:
dry oxygen (30 min) — wet oxygen (140 min) — dry oxygen (30 min); the thickness of
the resulting oxide is about 0.7 mm; pyrolytic deposition of a SiO, layer with a thickness
0f 0.35+0.05 mm; II photolithography to open windows in the silicon dioxide layer for
boron deposition; I boron boring at T = 1050 °C for 20 minutes in a mixture of argon
(110 I/h) and oxygen (8 I/h) from a solid source of B,O,; removal of the borosilicate
glass layer using a hydrofluoric acid solution; deposition of an aluminum film in a vac-
uum on the working side of the plates; III photolithography on the aluminum layer;
annealing of the aluminum contact in an inert environment at T = 560 °C for 20 minutes
in an argon environment; grinding the back side of the plates to reduce its thickness to
180-190 mm; formation of an ohmic contact on the back side of the plates by forming a
layer of nickel (by chemical deposition) and gold (by galvanic deposition).

As aresult of performing the listed operations, the structure of the ultra-high-current
diode shown in Fig. 1.

Investigation of structural defects. Metallographic studies have been conducted to
determine the reasons for the low percentage of suitable diodes. Structural defects have
been detected using a Sirtle’s etching. The type of structural defects and their density
have been evaluated using a metallographic microscope “Metam-R1”.

The density of defects was determined by the formula [10]:

N=n/S,

where N — the density of defects; n — is the arithmetic mean of the number of defects
in five sections; S — is the area of the field of view in the microscope eyepiece.
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Fig. 1. Structure of an ultra-high-frequency diode made using the basic technology

Fig. 2. The surface of a silicon epitaxial structure with detected epitaxial packaging defects
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Epitaxial packing defects have been detected on the initial epitaxial structures even
before the first high-temperature operation — the first boron billet (Fig. 2), the density
of which was 10°-10* cm? (the time of selective etching of the structures in the Sirtle
reagent was 2 min).
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Fig. 3. The surface of a silicon epitaxial structure with detected oxidation defects
in the packaging after thermal oxidation

After thermal oxidation and removal of the SiO, layer, oxidative packing defects
(OSFs) have been found in the epitaxial structures (Fig. 3). The density of defects is up
to 10° cm™ (the time of selective etching of structures in the Sirtle reagent was 20 s).

Gettering technology. It was necessary to choose an effective getter method to pre-
vent the formation of structural defects [7, 11]. Since structural defects are formed start-
ing from the epitaxy process, it is obvious that the gettering area must be created in the
substrates on which the epitaxial layers will be deposited. The studies have shown that
the most effective method to prevent the formation of structural defects in the epitaxial
layers is to create a gettering area on the back side of the substrates by treating it with an
Nd laser of the LTN-102 type at a radiation density of 13 J/cm?, followed by annealing
the pallets a temperature of 1060 °C in an argon (120 1/h) and oxygen (7 1/h) environ-
ment for 40 minutes. The deposition of the epitaxial layer on the working side of the
prepared substrates was carried out by the chloride method [9].

The conducted metallographic studies after thermal oxidation on epitaxial structures
have made using gettering showed the absence of epitaxial and oxidative packaging
defects (Fig. 4).
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Fig. 4. The surface of diode structure made using gettering, after thermal oxidation

Research of the developed technology effectiveness. To test the proposed method
of manufacturing ultra-high-frequency diode structures, experimental batches have
been formed, each of which was divided into two parts: one part of the batch was made
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by the known method, the other by the proposed method using gettering. The effective-
ness of the proposed method was evaluated by the percentage of output of suitable diode
structures when they were controlled by the level of reverse currents (I). Suitability
criterion: I <1 MA at a reverse voltage of 45 V.

Table 1 shows the results of monitoring the reverse current of diode structures manu-
factured using the basic (batches 4-6) and developed (batches 1-3) technologies. It can
be seen that the use of the proposed technology makes it possible to increase the output
of suitable diode structures by an average of 8.7%. At the same time, the diode struc-
tures manufactured by the proposed method had a level of reverse currents 5 to 9 times
lower compared to diode structures manufactured by the known method.

Table 1
Results of reverse current control of diode structures
Output of suitable
Method for structures. Experimental batch diode structures at level
manufacturing of ultra-high- R
. number control of their reverse
frequency diode o
currents, %

The proposed method of diode 1 94
manufacturing 2 95
3 93
The known method of 4 87
manufacturing a diode 5 85
6 84

Therefore, the use of the proposed method of manufacturing ultra-high-frequency
diode structures makes it possible to significantly increase the output of suitable diode
structures on monitoring the level of their reverse currents, while significantly reducing
the level of reverse currents of diodes.

Fig. 5 shows the reverse branches of current voltage characteristics of diode struc-
tures manufactured according to the basic technology and technology using gettering.
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Fig. 5. Reverse I-V- characteristics of diode: 1 — diode structure manufactured
by the basic technology, 2 — diode structure manufactured using gettering




lNnporexHiune OyIIBHUIITBO, BOJHA iHXKEHEPIsl Ta BOIHI TEXHOJIOTIT |

| 529

From Figure 5 it can be seen that the diode structure made using gettering has a
reverse I-V- characteristics (curve 2) typical of a silicon diode in the absence of struc-
tural defects and undesirable impurities in its active areas. Conversely, the diode struc-
ture manufactured according to the basic technology has a so-called “soft” reverse
I-V- characteristics (curve 1), the appearance of which may indicate the presence of
structural defects and impurities of metals in the active areas of the diode. From the
comparison of curves 1 and 2, it can be seen that the diode structure manufactured by
the basic technology (curve 1) has a much higher level of reverse currents at an inverse
voltage of 45V, at which the suitability of the diode structures is determined, compared
with the diode structure manufactured using gettering (curve 2).

The effect of the getter region created on the back of the substrate before deposition
on its working side of the epitaxial layer on the diode parameters can be explained as
follows. In the process of epitaxy, which is carried out at 1150 °C temperature, a high
dislocation density is formed on the back of the substrate. These disturbances lead to
diffusion of substitution impurities, interstitial atoms and vacancies, which are embryos
of defects, in the field of elastic stresses from the volume of the substrate and the increas-
ing epitaxial layer to the disturbed layer and absorbed by it. Elimination of germ defects
significantly reduces the likelihood of formation of packaging defects in the epitaxial
layer during its expansion. Also, the getter area created on the back of the plate, in the
processes of subsequent high-temperature operations (thermal oxidation, sublimation
and acceleration of boron) absorbs uncontrolled impurities, germs of packaging defects
from the volumetric and near-surface regions of the plate, thereby preventing the forma-
tion of new oxidative packaging defects and eliminating already formed OSFs silicon.
In this case, the interstitial silicon atoms that make up the OSFs diffuse to the created
getter area and are captured by it. As a result, previously formed OSFs decrease in size
or completely disappear. Effective gettering of metal impurities and structural defects
provides a significant reduction in the level of reverse diodes currents, the increase of
which was associated with the influence of defects.

Conclusions. Based on the conducted experimental studies, it can be concluded that
the reason for the low output of diode structures in the operations of controlling the
level of their reverse current is structural defects (epitaxial and oxidation defects in the
packaging) that are formed in the active areas of diodes in the processes of high-temper-
ature technological operations. The application of the developed technology for man-
ufacturing diode structures using the getter area created on the back side of the silicon
substrate by laser processing before deposition of the epitaxial layer on its working side
allows to clean the active regions of diodes from the germs of defects and undesirable
impurities and prevent the formation of structural defects in them, which provides a
significant reduction in the level of reverse diodes currents and increase the output of
suitable devices.
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