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IMPROVEMENT OF THE REVERSE CHARACTERISTICS
OF SCHOTTKY DIODES USING GETTERING

The paper considers the causes and mechanisms of the influence of defects and impurities on the reverse
current of the Schottky diode. The influence of two getter regions, which were created by different
technologies on the working side and the reverse side of the plate, on the value of the reverse current of
diodes was experimentally investigated, and the physical factors of such influence were analyzed. The
proposed technology for creating getter regions allows one to significantly reduce the reverse current of

diodes and increase the product yield.

Schottky diodes (SDs) are widely used in many
areas of electronics as low and medium power
rectifier diodes, as well as pulsed diodes [1, 2].
The purposeful using of SDs as pulsed diodes is
explained by the fact that they are unipolar devices
with no injection of minority charge carriers.
Because of this, their speed is higher than that of
pulsed diodes based on p—n-junctions, the speed of
which is limited by the phenomenon of “resorption”
of minority charge carriers during switching the
voltage from forward to reverse [3]. Some series of
SDs are used as pulse rectifier diodes.

It should be noted that the cost of the SDs
remains relatively high due to the low yield of
diodes, which is explained by a high value of their
reverse current and a smaller breakdown voltage
compared to p—n-junctions. These phenomena are
associated with a significant dependence of the
reverse current of the SD on the quality of the
surface of the diode structure and the influence
that structural defects and impurities have upon
the reverse current [4—8]. First and foremost,
one should note oxidation stacking faults (OSFs),
which are formed in the active region of the diode
during high-temperature operations [6, 7]. OSFs
are usually located in the near-surface region of
the crystal. OSFs which are not decorated with
impurities have practically no effect on the inverse
characteristics of the diodes [7]. The decoration
of the OSF with heavy metal impurities during
thermal oxidation leads to the fact that a high
density of surface states is formed in the near-
surface silicon layer. After deposition on a surface
of molybdenum, which forms the Schottky barrier,
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the potential barrier at the metal /semiconductor
interface becomes thin enough for the tunneling
of electrons from the metal to the semiconductor
at reverse bias of the junction [9].

Tunneling is one of the causes for the so-called
soft reverse characteristics. In this case, the region
near the edge of the metal contact is important,
because the electric field lines are converged
there. A strong electric field leads to a thinning
of the potential barrier, and the action of image
forces decreases its height. Both of these factors
increase the reverse current of the p—n-junction.
This effect is further enhanced if the near-boundary
semiconductor layer is enriched by electrons as a
result of the presence of a positive surface charge
[10]. All these facts lead to an additional decreasing
in the thickness of the barrier at the edge of the
metal contact. Therefore, the value of reverse
current of the Schottky diodes is largely determined
by the quality of the protective SiO, layer, the
Si/SiO, interface and the metal /Si interface.

The generation of charge carriers in the depletion
region also significantly affects the reverse branch
of the current-voltage (I-V) characteristic of the
Schottky diode. The generation component of the
reverse current IG is expressed [9] by the formula

1,=qnd/Q270), €))

the width of the depletion region in the
semiconductor;

the carrier lifetime in the depletion region;
the electron charge;

the intrinsic carrier concentration in the
semiconductor.
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The generation of charge carriers in the
depletion region is particularly intense when a
high density of structural defects (e.g., OSF) is
present in a semiconductor, since this significantly
decreases carrier lifetime [7].

In order to reduce the density of bulk structural
impurity defects in silicon, various gettering
methods are used [11—14], but, as practice has
shown, many of them are ineffective for reducing
the reverse current of the diodes. Many different
methods have been developed to improve the
surface properties of the Schottky diode structures
[15], but not all of them are effective for improving
the inverse characteristics of diodes.

The goal of the work is to study how structural
defects and impurity contaminations of the
surface of the diode structure influence the level
of the reverse current of the Schottky diodes and
to determine the effectiveness of the proposed
technology to create getter regions of the structures
with respect to reducing the reverse current and
increasing the yield of suitable devices.

Test samples

Structures of investigated diodes were fabricated
by isoplanar technology [16] on silicon n-type
epitaxial structures with a specific resistance of
1 Q-cm and a thickness of 3 pm grown on a silicon
substrate oriented along the (111) plane.

The basic technological route for manufacturing
diode structures included the following main
technological operations:

— standard chemical treatment of plates;

— sequential deposition of layers of nitride
and silicon dioxide with a thickness of 0.1 and
0.3 um, respectively;

— formation of 0.5 um heigh mesa structures
by photolithography methods with using the round
sections of a silicon nitride film with a diameter
of 50 um as a mask;

— oxidation of mesa structures at the
temperature of 1050°C for 2 hours alternately in
dry O, (10 min), in water vapor (100 min) and
again in dry O, (10 min);

— annealing in argon for 30 minutes at the
temperature of the oxidation process (as a result,
the thickness of the grown protective SiO, layer
was 0.7 um);

— removal of silicon nitride from the
contact pads by placing the structures in boiling
orthophosphoric acid for 30 min (for safety, in case
there is a thin SiO, film on the surface of silicon
nitride, structures were preliminarily kept in the
etchant HF: H,O = 1:20 for 20 s);

— deposition of a 0.3 pm thick molybdenum
layer by vacuum thermal evaporation and
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Fig. 1. The structure of the Schottky diode, manufactured
according to the basic technology

formation of a rectifying contact with a diameter
of 60 um using photolithography;

— plate grinding on the substrate side to a
thickness of 180 —200 um;

— formation of an ohmic contact on the back
side of the plate by sequential deposition of
layers of titanium, nickel (by vacuum thermal
evaporation) and gold (by electroplating).

Implementing the above operations resulted
in obtaining the diode structure shown at Fig. 1.

Investigation of structural defects

Studies of diode structures that were rejected
by the value of the reverse current showed the
presence in their active regions of OSFs with a
density of 10*—10° cm™2. Structural defects were
detected by selective etching of the structures
in the Sirtl reagent for 10—180 s. The type of
structural defects and the assessment of their
density were determined using a METAM-1
metallographic microscope. The density of OSFs
was determined by the formula [17]

N=n/S,
where N is the defect density;
n is the average value of the number of defects
in five areas;
S is the area of the field of view in the eyepiece

of the microscope.

A micrograph of the surface of one of the
studied diode structures after selective etching in
a Sirtl reagent for 25 s is shown in Fig. 2.

Fig. 2. The surface of the diode structure with the
identified OSFs
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Gettering technology

Firstly, in order to prevent the formation
of OSFs, a gettering method was chosen that
organically fit into the technological route of the
diode manufacturing. Since OSFs start forming
from the first high-temperature operation, i.e.
thermal oxidation, it is obvious that gettering
should be performed at the very beginning of
the technological route for manufacturing the
diode [11, 18]. Studies have shown that the most
effective way to prevent the formation of OSFs is
to create a getter area on the reverse side of the plate
by implanting argon ions into it and then annealing
the plate in a mixture of nitrogen and oxygen before
precipitating silicon nitride layers [19].

The getter region (GR) was formed on the
reverse side of the plate by implanting argon ions
with an energy of 100 keV, by a dose of 5-10'> ¢cm™
using the industrial plant for ion doping Vesuvius-5.
Then the plates were annealed in a mixture of
nitrogen (130 1/h) and oxygen (6 1/h) at the
temperature of 1100 °C for 3 hours. Further, when
referring to this method of creating an GR, we
will use the designation G,,.

In order to improve the surface quality of the
diode structures and thus to reduce the value of
their reverse current, the authors tested a method
of creating a getter by boron diffusion into the
working side of structures after the formation of
a protective SiO, layer [20]. Boron diffusion was
carried out using the open tube method from a
B,0O; source at the temperature of 950°C for 30
minutes in a mixture of argon (100 1/h) and dry
oxygen (4 1/h). At the same time, a borosilicate
glass (BSG) film was formed on the surface of the
protective layer of SiO,. This method of creating
a getter will be further denoted as Gy.

Fig. 3 shows the structure of the Schottky
diode, manufactured according to the developed
technology with the using of double-sided
gettering (G, .y technology, combining G,, and
Gp) before the grinding operation of the reverse
side of the plate.
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Fig. 3. The structure of the Schottky diode, manufactured
according to the developed technology using double-
sided gettering

The effect of additional boron diffusion on the
surface quality of diode structures was estimated
by the method given in [17, 21]. A SiO, film
was grown on the initial plates under conditions
similar to oxidation conditions of mesa structures,
after which they were cut into two parts. One of
them was left as a control, and the second was
subjected to additional diffusion of boron into
the SiO, layer in the mode corresponding to the
developed technology. Then Al was sprayed onto
all the plates, and MOS structures (Al /SiO, /Si)
were fabricated using photolithography. Then, the
C-V-method was used to calculate the values of
the total induced charge on the structure fabricated
using additional boron diffusion (Q,) and on
the control MOS structure (Q,,). Voltage-Farad
characteristics were measured using an RLC E7-12
instrument. The following results were obtained:
Qg = 23107 C; Qy, = 3.2:107° C, the charge
ratio was Q, /Qy = 1.4.

Thus, the additional diffusion of boron made
it possible to reduce by 1.4 times the value of
the total charge in SiO,, which is adequate to
decreasing the density of surface states at the
Si/SiO, interface [17]. This makes it possible
to significantly reduce the tunneling of charge
carriers through a potential barrier and thereby
reduce the value of the reverse current of the diode.

Testing the effectiveness of the developed
technology

For this research, three experimental batches
of diode structures were formed. Half of the
structures in each batch were manufactured using
the basic technology, the other half — using one
of the methods described above (G,,, Gy, G,,.p5)-
The effectiveness of the technology was evaluated
by the number of suitable structures, which were
selected based on results of metallographic studies
and by the value of the reverse current Irev.

The validity criterion was set by limiting
I., =1 pA at a reverse voltage of 30 V. In
accordance with this, the average value of the
product yield for the structures manufactured
using the basic technology was 84.1%, the proposed
technology with the formation of a getter only on
the reverse side of the plate (G,,) allowed for
88.2%, the technology with only boron diffusion
into the working side of the plate (Gy) gave
89.7%, while the one with double-sided gettering
(G,,4p) showed the result of 93.4%.

As can be seen, using any one of the proposed
methods for obtaining diode structures allows us
to increase the product yield by the criterion of
smallness of the reverse current of the devices
compared to the basic technology. Note that
gettering significantly (from 2 to 6 times) reduces
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the value of the reverse current. Double-sided
gettering allows increasing the percentage of
product yield by 9.3% and to obtain a 3—6 times
lower I ..

Before the formation of a rectifying contact,
metallographic studies of diode structures were
carried out. In the structures obtained by the G,,
method, there were no oxidative stacking faults
(Fig. 4). In diode structures with a borosilicate glass
(Gp) film, the density of OSF was 10>—103 em ™2,
which is significantly (two orders of value) lower
than on plates which were made by using the basic
technology.

Fig. 4. The surface of the diode structure with the
getter region created on the reverse side of the plate
by the G,, method

Fig. 5 shows the reverse branches of current-
voltage characteristics of diode structures which
were made according to the basic technology
and by using the developed methods for creating
getter regions. It can be seen that using any of
the proposed gettering methods can significantly
reduce the level of the reverse current of the diodes
increasing the diode breakdown voltage (possibly
by eliminating surface breakdown). In this case,
the Gz method is more effective than the G,,.
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Fig. 5. Reverse I—V- characteristics of diode structures
made by using various technologies:
1 = Gy 2 = Gg; 3 = Gy, 4 — basic technology
(curves were obtained at 20°C)

Let us analyze how the gettering regions created
by the G,, and Gy methods affect the parameters
of the diode.

Implantation of argon ions on the reverse side
of the sample plate during the annealing process
leads to the formation of high-density dislocations,
which play the role of drains for metal impurities.
At the same time, the nuclei of the OSFs, which
are formed during the growth of silicon ingots and
during epitaxy, are also being suppressed. This
prevents the formation of OSFs during the process
of thermal oxidation of plates (see Fig. 4), due
to which the generation component of the reverse
current (1) is significantly reduced. In addition,
the getter area created in this way effectively
absorbs uncontrolled impurities from the bulk and
near-surface regions of the plate, which reduces
reverse currents of diodes, since they are caused
by both bulk and surface mechanisms.

A borosilicate glass layer formed during the
boron diffusion on the surface of the protective
SiO, film exhibits a gettering effect against
impurity contaminants (usually impurities of Na,
K, Fe, Ni, Cu, etc.), which usually get into the
SiO, layer grown by thermal oxidation from walls
of the quartz tube and from oxidizing environment.
This allows to perform a deep cleaning of the
protective oxide layer and the Si/SiO, interface
from the impurities, which makes it possible
to reduce the total charge in SiO,, and this is
equivalent to a decreasing of the density of surface
states at the Si/SiO, interface. Improving the
surface quality of structures, which is achieved
by gettering, virtually eliminates the tunneling
of current carriers through the potential barrier,
which in turn provides a significant reduction in
surface leakage currents at reverse connection of
diodes. In addition, when conducting diffusion
into the working side of the plate, the back side
of the plate is not specifically protected, therefore,
a high-alloyed gettering p*-layer is formed on
it. This allows for a significant reduction in the
density of OSFs formed during thermal oxidation
in active regions of the diode [22]. It should also be
noted that another possible reason for decreasing
the density of defects may be the effect of «post-
oxidizing annealing» occurring in relation to the
already formed OSFs during boron diffusion [23].

Conclusion

The creation of a getter formed by implantation
of argon ions on the reverse side of the diode
structure plate using the G,, technology prevents
the formation of OSFs in the active region of the
diode structure, and also provides a relatively
high-quality cleaning of the near-surface diode
area from uncontrolled impurities, which leads
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to a decrease in the charge carrier generation in
the depletion region of semiconductor and to a
reduction of the surface leakage currents.

The creation of a getter by diffusion of boron
into the working side of the diode structure using
the Gg technology prevents such undesirable
surface effects as surface tunneling of electrons
from the metal into the semiconductor and surface
breakdown of diodes, and also makes it possible
to reduce the density of OSFs on the working-side
surface of the diode.

Thus, the first G,, method obviously prevents
the generation of charge carriers in the depletion
region of transition, but doesn’t completely
eliminate surface leakage currents. The second
Gg method practically liquidates surface leakage
current, but doesn’t eliminate the generation
component of the reverse current.

The diode breakdown voltage increases with
the use of both technologies, however, the Gy
method turned out to be more efficient than the
G,, method.

When we used G,, and Gy technologies
separately, the number of suitable diodes at the
end of the production cycle increases by 5—6%
compared with the basic technology, and by 11%
when both of technologies G,,,; were used by
applying double-sided gettering.

Thus, the developed technology for
manufacturing Schottky diode structures prevents
the formation of oxidative packing faults in the
active region of the diode and improves the surface
state of diode structures, which reduces the reverse
current of diodes and, consequently, increases the
percentage of product yield.
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I[TOJITIIITEHHA 3BOPOTHUX XAPAKTEPUCTUK AIOJAA HIOTTKI
I[TP11 BUKOPUCTAHHI TETEPYBAHHA

Mioou HHlommxi (1) wupoko suxopucmosyiomocs ¢ 6azamvox 004ACMAX eACKMPOHIKU AK GURPAMHI 0100u
HeseauKol ma cepedHboi NOMYKHOCMI, d MAKOK AK iMnyabcHi diodu. IIpu yvomy eapmicmo AL 3aruwacmocs
NOPIBHAHO GUCOKOIO Uepe3 HUSLKULL 6UXI0 NPUOAMHUX NPUADIB, WO NOACHIOEMbCS BUCOKUM PIBHEM 360POMHUX
CMPYMIG 1 HU3LKOIO, 6 NOPIGHAHHT 3 P — N-nepexodamu, npobusnolo nanpyeot. Ili seuwa nos'sazani 3 icmommoi
3anexuicmio 3gopomuux cmpymis /I 6i0 sxocmi nosepxni 0i00HUX CMPYKMYP § 6NAUSOM HA HUX CIRPYKIMYD-
Hux deghexmis i CMOPOHHIX OOMIULOK.

YV daniit pobomi docridxeno enaue cmpyxmyprux depexmie i OMIUKO8UX 3A0PYOHEHb NOBEPXHT HA PiseHb 360-
pomuux cmpymie A1l i echexmusnicmv 3acmocysanis onepayii zemepyeanis 04s 1020 3HUKeHHs i NI0SUUEHHS
68UxX00Yy npudamuux npuiadie. Bcmanosieno, wo npuvunamu nu3vkozo i0COMKA 6UX00Y NPUOAMHUX CIMPYKMYDP
I npu koHmpoai pieHs ix 360POMHUX CMPYMIE € OKUCTIOBANLHI eheKmu YnaKosKu, w0 Yymeopiormscs 6 aK-
muenux 006aacmsx 0iodie 6 npoueci NPoBedeHHs. MePMIUH020 OKUCAEHHS, | 0OMIWKOGT 3d0PYOHeNnHs HA NOBEPXHI
diodnux cmpyxmyp. 3anpononosano mexnonoziio euzomosaenns cmpyxmyp ALl 3 dsoma zemepruumu o6.racms-
MU, 00HA 3 AKUX CIMEOPEHA IMNAAHMAYIEI APZOHY HA 360POMHOMY Ooyi naacmunu, Opyza — Jugysierw 6opy na
po6ouitl CMOpoHi NAACMUHU.

Y nopiensnni 3 6aszosor mexmoaozieio euzomosaenns cmpyxmyp AL noxasano, wo po3pobaena mexnonozis
i3 3aCMOCY8AHHAM 2eMEPYSANHS CIMPYKMYPHO-OOMIUKOBUX Oehexmic 00360AAE€ 3aNoOizmu YymeopenHio oKuc-
T06ANLHUX Oeqhexmie ynaxoeku 6 akmuenux obadcmsax 0i00i6 i NOAINWUMU CMAH NOGEPXHL 0I0OHUX CMPYK-
myp, wo 0a€ MOXAUGICIG FHUSUMU PIGEHb 360POMHUX cmpymis diodie i, ax nacaidok, icmomno (do 10%)
nidsuuumu uxio npudamuux npuiadis.

Kntouosi caosa: eemepysanns, 3eopomuuti cmpym, 0iod IHommxki, domiwku, OKUCA06AIbHE dehexmu YnaxKyeanms..
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YAYUHIHIEHNE OBPATHBIX XAPAKTEPUCTURK JNOJAA IIOTTKN
IMp11 NCIIOJIbSOBAHUN I'ETTEPMIPOBAHUSA

Juodv ITommicu (JIII) wupoxo ucnoiv3yiomes 60 MHOZUX 00LACMAX INEKMPOHUKIU 6 KAUECTNEE GoINPAMUMNETb-
HbIX 0Uu0006 HEGOILWON U CPeOHetl MOWHOCIU, d MAKKE 6 Kauecmee UMNYisCHulx 0uodos. IIpu amom cmou-
mocmu JAII ocmaemces cpasHumespo 6biCOKOU U3-3a HU3K0Z0 6b1X00d 200HbIX NPUOOPOS, UMO 00BACHAEMCS 6bl-
COKUM YpOBHEM 00PAMHBIX MOKOS U HUSKUM, NO CPASHEHUIO C P —n-nepexoddmu, npoOUSHbIM HANPAKEHUEM.
Omu s61€HUSL CBA3AHDL C CYULCTNEEHHOT 3A8UCUMOCTNDIO 06pamubLx mokoe LIl om kawecmea nosepxnocmu Ou-
OOHBIX CIMPYKMYP U BAUSHUEM HA HUX CMPYKMYPHOLY 0eheKmos U NOCMOPOHHUX NpUMecell.

B nacmosuweil pabome uccaedosanvl 8ausHUe CIMPYKMYPHOIX 0ePeKos U NPUMECHIX 3dZPAZHEHUT NOBEPXHO-
cmu na yposenv oopamuoix moxos AL u shpexmusnocms npumenenus onepavuil zemmepuposanus 01s ez0
CHUKEHUS. U NOBLIUEHUSL 8bIX00d 200HBIX NPUOOPOE. Y CIMAHOBIEHO, UMO NPUUUHAMU HUZKOZ0 NPOUEHMA GblX00d
200no1x cmpyrkmyp LI npu KoHmpoJie yposHs ux 00paAmMHvLX MOKOE SASISIIOMCS OKUCIUMENbHbIE dehexmul yna-
KOBKU, 00pA3yIouUecs 8 AKMUBHBLX 001ACSX 0U0008 6 NPouecce NPoGedeHUs MEPMUUECKOZ0 OKUCICHUS, U NPU-
MecHble 3azpA3HeHUs Ha NOGePXHOCMU UOOHbIX cmpykmyp. [Ipedroxena mexnono2us u3z0mosieHus CmpyKmyp
A ¢ deyms zemmephvimu 06aacmsamu, 00HA U3 KOMOPLIX CO30AHA UMNAAHMAYUE AP2ZOHA HA 0OPAMHOU CMO-
pone naacmumsl, emopas — oughpy3suetl bopa na paboueii cmopoue niAcmuHbL.

B cpasuenuu ¢ 6a3osoi mexnonozuei uszomogaenus cmpyxmyp AL nokasano, umo paspabomannds mexmo.io-
2USL C NPUMEHEHUEM 2eMMEPUPOBAHUSL CIMPYKIMYPHO-NPUMECHBLX deheKmos no3sosem npedomepamums o0pa-
306anUe OKUCAUMENLHLIX 0eheKmos YynaKosKu 6 AKmueHsix 00.1dcmax 0uo0o8 U YAyYyduwums cOCMOsHUe Nogepx-
HOCMU OUOOHBIX CMPYKMYP, UMO 0dem B03MOKHOCMb CHUZUMD YPOGEHb 00paAmMHbLX MOK08 0u0008 U, KK CAe0-
cmeue, cywecmsenno (0o 10% ) nosvicumo 66100 200161 NPUGOPOS.

Kmouesvie crosa: zemmepuposanue, obpammniti mox, ouod IIommxu, npumecu, okucaumenvuvie oeghexmol ynaxosxu.

OmnucaHue CTaTby 7SI UUTHPOBAHUS: Cite the article as:

Litvinenko V. N., Vikulin I. M., Gorbachev V. E. Litvinenko V. N., Vikulin I. M., Gorbachev V. E.
Improvement of the reverse characteristics of Schottky Improvement of the reverse characteristics  of
diodes using gettering. Texuosorus u KoHcTpyupoBanue B Schottky  diodes using gettering.  Tekhnologiya i
ssekTponHoil ammaparype, 2019, Ne 1, ¢. 34=39. http: //  Konstruirovanie v Elektronnoi Apparature, 2019, no. 1,
dx.doi.org /10.15222 /TKEA2019.1-2.34 pp. 34-39. http: / /dx.doi.org /10.15222 / TKEA2019.1-2.34

Tekhnologiya i Konstruirovanie v Elektronnoi Apparature, 2019, No 1-2
ISSN 2225-5818 e PP 39



