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RESUMO

Nos ultimos anos, muita atengao dos desenvolvedores de microcircuitos integrados tem sido dada ao
desenho de novos tipos de microprocessadores, desenvolvimento e masterizagdo de circuitos tridimensionais
multicamadas e criagdo de dispositivos baseados em semicondutores complexos. O objetivo do presente
trabalho é estudar processos térmicos no sistema Al-Ti-Si multicamada até o desenvolvimento de processos de
degradagédo. Sao considerados os problemas de degradacgao durante a metalizagdo do aluminio com a deposigéo
de uma subcamada de titanio na superficie de silicio. E analisada a evolugdo dos processos de destruicdo
irreversivel do condutor de filme durante a passagem dos pulsos de corrente retangulares com energia de até
300 mJ e duracédo de 50 ... 1000 us. Verificou-se que, sob a influéncia de um Unico pulso de corrente retangular
com duragdo nao superior a 80 us e energia de 85 mJ, o derretimento de um filme de metal € um processo
prioritario de destruicdo da estrutura. O aumento na duragdo do pulso (1> 80 pus) altera a prioridade da
degradagao térmica, e o derretimento de contato se torna o principal mecanismo de destruigdo estrutural.
Também foi descoberto que o recozimento isotérmico leva a melhoria nas propriedades condutoras de calor do
sistema e ao aumento nas densidades criticas de corrente. Isso esta associado a uma melhoria nas propriedades
adesivas da estrutura, bem como a transformacdes de fase no sistema Al-Ti-Si durante o recozimento. Os
resultados do artigo podem ser utilizados em estudos adicionais das propriedades do sistema Al-TI-SI, bem como
na criacdo de estruturas semicondutoras, levando em consideragdo propriedades como alta condutividade
elétrica, boa processabilidade, auséncia de componentes quimicos no sistema Al-Si, estabilidade quimica e
tendéncia a eletromigragao, a possibilidade de curto-circuito, alta mobilidade de difuséo, baixo ponto de fuséo, a
incapacidade de conectar o fio por soldagem.

Palavras-chave: microprocessadores, circuitos integrados tridimensionais, estruturas semicondutoras.
ABSTRACT

In recent years, much attention of developers of integrated microcircuits is given to designing novel types
of microprocessors, development, and mastery of technologies of both multilayer 3D integrated circuits and
making devices based on complex semiconductors. The aim of the present work is to study thermal processes in
the AI-Ti-Si multilayer system up to the development of degradation processes. The degradation issues in
aluminum metallization with titanium sublayer deposited onto silicon surface are considered. The evolution of
processes of irreversible destruction of film conductor under passage through it of single square-wave current
pulses with energy up to 300 mJ and duration of 50...1000 ys was analyzed. It was found that, under the action
of a single square-wave current pulse with a duration of no more than 80 ys and energy of 85 mJ, the priority
process of structural damage is the melting of the metal film. Increasing pulse duration (1 > 80 ys) changes the
priority of thermal degradation, and contact melting becomes the main mechanism of structure damage. It was
also found that isothermal annealing leads to improving system heat-conducting properties and increasing critical
current densities. This is related to the improvement of adhesion properties of the structure as well as with phase
transformations in the Al-Ti-Si system in the course of annealing. The results of the article can be used in further
studies of the properties of the AI-TI-SI system, as well as in the creation of semiconductor structures taking into
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account properties such as high electrical conductivity, good processability, the absence of chemical components
in the AI-Si system, chemical stability, and a tendency to electromigration, the possibility of short circuit, high
diffusion mobility, low melting point, the inability to attach the wire by soldering.

Keywords: microprocessors, 3D integrated circuits, semiconductor structures.
AHHOTALUMUA

B nocnegHve rogbl 6onblioe BHMMaHWe pa3paboTyMKOB WHTErpanbHbIX MUKPOCXEM yAenseTcs
NMPOEKTUPOBAHNIO HOBbLIX TWUMOB MWKPOMPOLIECCOPOB, pa3paboTke M OCBOEHUID MHOTOCIIOMHBIX TPEXMEPHbIX
WHTErpanbHbIX CXeM, CO3[4aHWI0 YCTPOWCTB Ha OCHOBE CIOXHbIX MOMyNpoBOAHUKOB. Llenbio gaHHow paboThbl
ABMSIETCA U3yYeHMe TEeMNJoBbIX NPOLEeccoB B MHorocronHon cucteme Al-Ti-Si BnnoTb 4O pa3BuMTUS NPOLIECCOB
gerpagaumn. PaccmoTpeHbl BOMpochbl gerpagauuu npu  MeTannmMsauum anioMUHUS C HaHeceHWeM Ha
NMOBEPXHOCTb KPEMHMS NoAcod TutaHa. [poaHanuanpoBaHa 3BOIOLUS NPOLIECCOB HEOBPaTUMOro paspyLueHus
NNeHOYHOro NPOBOAHUKA NPY MPOXOXAEHUN YePEe3 HEro OOMHOYHBIX MPSMOYTONbHBIX MMMYMBLCOB TOKa C 3Hepruen
o 300 mOx u gnutenbHocTbio 50... 1000 mkc. BbINO ycTaHOBMEHO, YTO NpW BO3AEWCTBMM OAMHOYHOrO
NPSIMOYrONbHOIrO MMMynbca Toka AnuTenbHocTblo He 6Gonee 80 Mkc u 3aHeprven 85 Mk NpuopuUTETHLIM
NpoLieccoM paspyLUeHUst CTPYKTYPbl ABNAETCS NnaBreHne meTannmyeckon nneHkn. YeBennyeHne onmTensHoCcTm
nmnynsca (1> 80 MKC) MeHsieT npuopuTeT TepMUYecKonW Aerpagjauun, U KOHTaKTHOE MNNnaBfieHWe CTaHOBUTCH
OCHOBHbIM MEXaHU3MOM paspyLUeHUs KOHCTPYKUuW. Takke 6bino OBHapyXeHO, YTO U30TEPMUYECKUNA OTXKUT
NPVBOAUT K YIYyYLLEHWNIO TEMNOMPOBOASALLMX CBONCTB CUCTEMbI U YBENUYEHMIO KPUTUHECKUX MIIOTHOCTEN TOKa.
OT0 CBA3aHO C yny4lleHnem afre3avoHHbIX CBOMCTB CTPYKTYPbI, @ Takke ¢ ha3oBbiMU NPEBPaLLEHNSIMU B CUCTEME
Al-Ti-Si B npouecce omxura. PesynbTaTbl CTaTbM MOMyT OblTb MCNONb30BaHbI NPU AanbHENLINX UCCIeQ0BaHNSIX
ceoncts cuctembl Al-TI-SI, a Takke nNpu co3gaHnmn NONyNPOBOAHMKOBBLIX CTPYKTYP C Y4ETOM TaKmx CBOWCTB, Kak
BbICOKasi 3N1eKTPONPOBOAHOCTb, XOPOLLAs TEXHONMOMMYHOCTb, OTCYTCTBUE XMMUYECKMX KOMMOHEHTOB B CUCTEME
Al-Si, xMMunyeckass cTabuIbHOCTb M CKIIOHHOCTb K 3MEKTPOMUIrpaLun, BO3MOXHOCTb KOPOTKOTO 3aMblKaHWS,
BbicOKasd AMPAY3MOHHAsE MNOABMXHOCTb, HU3Kasi TemnepaTtypa nnaBneHusi, HEBO3MOXHOCTb MPUKPENnUTb
NPOBOMOKY NanKoW.

KnioueBble cnoBa: MUKDOMNPOUECCOPbl, MPexXMepHble UHmMeapasbHble CXeMbl, 10s1yMPO80OHUKO8bIE
CMpyKmMypebi.

1. INTRODUCTION structures themselves. In addition, as the

semiconductor cross-sections decrease, the

In recent years, much attention of Pproblems appear that are related to

developers of integrated microcircuits is given to
designing novel types of microprocessors,
development, and mastery of technologies of both
multilayer 3D integrated circuits and making
devices based on complex semiconductors (Topol
et al, 2006). Mastery of new semiconductor
devices and structures cannot be made without
solving the problems of metallization and contact
systems (Pedersen et al., 2015). The point is that
the role of metallization in modern structures of
micro- and nanoelectronics is becoming a key
(Chang and Chang, 2010; Okabe et al., 2014,
Brincker et al., 2018a; Brincker et al., 2018b; Zhao
et al., 2019).

It is known that the performance of logic
elements increases with downsizing, while those
of interconnections and contacts decrease
because of the reduction of the cross-section of
film conductors and the growth of their linear
resistance and electric capacity. As a result,
starting from a certain integration level of
semiconductor devices, signal delays in the
interconnections may exceed those in the

electromigration in thin metal films and contact
ohmicity (Kang et al., 2008; Martineau et al., 2014;
Macherzyniski et al., 2016; De Rose et al., 2018;
Homa and Sobczak, 2019; Eslami et al., 2019;
Fischer et al., 2019; Chawla et al., 2019; Cruz et
al., 2019; Yi et al, 2019). And technological
complexities when making modern metallization
systems (including the structures involving p-n
junctions with small occurrence depth) should also
be noted (Garosshen et al., 1985; Macherzynski et
al., 2016).

Aluminum films are widely used as material
for interconnections and ohmic contacts to silicon
when making semiconductor  structures
(Garosshen et al., 1985). This material has a
number of advantages: high electrical conduction,
good manufacturability, absence of chemical
components in the Al-Si system, chemical stability
of aluminum in oxidizing medium, etc. (Ahmad et
al., 2019; Kumar et al., 2019; Kumar and Singh,
2019; Sattar et al., 2019; Shuai et al., 2019; Wang
et al., 2019b).

However, along with the above
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advantages, aluminum metallization has a number
of substantial disadvantages. The most important
of them are as follows: tendency to
electromigration, possibility of short circuit through
dielectric in layered metallization systems
(because of formation of spurs on a film due to
electromigration and Al recrystallization), high
diffusion mobility of A1 over the grain boundaries,
low melting point (677°C) of the eutectic of Al-Si
system, low mechanical strength of Al films,
impossibility of wire attachment using soldering,
etc. (Gupta, 1979; Ahmad et al., 2019). Because
of the listed disadvantages, multilayer systems
with metal sublayers (including Al) are applied in
ICs and transistors with shallow p-n junctions to
get the basic current-carrying layer. In this case,
usually, the first metal layer (sublayer) has high
adhesion to both silicon and silicon dioxide and
simultaneously has small solubility and diffusion
coefficients in these materials. Titanium meets
these requirements. For example, the use of
ohmic contacts with titanium sublayer in fast-
operating ICs made it possible to increase mean
time between failures by a factor of 20 as
compared to the Al-Si binary system (Brincker et
al., 2015). So the aim of the present work is an
investigation of thermal processes in an Al-Ti-Si
multilayer system up to the development of
degradation processes.

2. MATERIALS AND METHODS

To perform experiments, the structures of
the metal-sublayer-semiconductor plate type were
formed. Aluminum was the main current-carrying
layer because it is the most extended material
used for metallization layers in semiconductor
structures (Diligenti et al., 1989). Molybdenum,
titanium, and nickel were used for metal sublayers
that improve the contact, adhesion and barrier
properties of current-carrying systems
(Macherzynski et al, 2016; Ahmadvand et al.,
2019; Alam et al., 2019; Galetz et al., 2019; Liu et
al., 2019; Neudeck et al., 2019; Sun et al., 2019;
Wang et al., 2019a). Silicon plates doped with
phosphorus and oriented along (Mwema et al.,
2018) direction, with resistivity p = 0.01 Q-cm and
60 um n-epitaxial layer (15 Q-cm), served as
substrates. Such substrates prevent shunting of
metallization layers. Dielectric layers of silicon
oxide or silicon nitride were grown preliminary on
some substrates.

The deposition of films onto the pre-
prepared surface of silicon plates was made by
electron-beam  evaporation in a single
technological cycle (Macherzynski et al., 2016;

Mwema et al., 2018). The substrate temperature
(T =373 K) and working pressure (p = 7-10* Pa)
were maintained constant in the course of film
deposition. They were controlled with a
preliminary calibrated platinum—platinum-rhodium
(Pt-PtRh) thermocouple (near the sprayed plates)
and a vacuum gage. The aluminum (titanium)
evaporation rates were Vi =2 nm/s (V.=1.5
nm/s). (Hereinafter subscript "1" relates to Al, "2"
relates to Ti interlayer and "3" relates to the
semiconductor substrate.) Thickness hq of Al film
was no less than 2 ym; thickness h, of metal
sublayer varied in the 80...2000 nm range. Then
the test structures described in (Skvortsov et al.,
2014; Skvortsov et al., 2016) were made on the
prepared multilayer structures using optical
photolithography.  Investigation of  Al-Ti-Si
multilayer systems before and after isothermal
annealing was made for the obtained test
structures (Skvortsov et al., 2014; Skvortsov et al.,
2016) from electrical response taken from different
their areas at the passage of single square-wave
current pulses.

The temperature Ti(f) of the metallization
track was calculated from switching oscillograms
U(t) taken from an area of the test structure in the
course of current pulse passage using
Equation (1). Here Ry = 0.88 Q is the resistance of
metallization track at To = 290 K measured by the
voltmeter-ammeter method; the area length £= 2.9
mm; Al film thickness hs=2.1 um; track width
b =75 um; a=0.0043 K" is the Al temperature
coefficient of resistance. The typical experimental
curves at passing a sequence of sinusoidal pulses
are given in Figure 1. The obtained curves are also
described by Equation (2) (Skvortsov et al., 2014).
They touch a range of temperatures preceding the
beginning of degradation processes related to a
thermal overload of the metallization system. Here
A is thermal conductivity; ¢, d and a are thermal
capacity, density and thermal conductivity,
respectively. It is evident that parameters related
to the thermophysical properties of a thin-film
system and silicon matrix depend on temperature.
As before (Skvortsov et al., 2016), their mean
integral values were used to calculate Ti. The
mean integral value of b is (Equation 3).

It is easy to verify from Equation (2) that
dynamics of structure heating depend on current
strength, parameters of semiconductor matrix and
size-thermal ratio (5,4 ) of a titanium film and
intermediate dielectric film. So that the bigger is

sublayer thickness, the quicker is heating of
metallization tracks.
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3. RESULTS AND DISCUSSION:

The results of experiments (Figure 1) fully
confirm that as thickness h, of titanium sublayer
changes from 80 nm to 170 nm, the temperature
T1 of Al film increases from 360 K to 430 K to the
moment of pulse shutdown (f=500 us). This
indicates a higher thermal load of multilayer
structures as compared with the AI-Si binary
system. Moreover, the estimation of values of
titanium  film thermal conductivity from
Equation (2) and experiments (Figure 1) are
overvalued. This indicates the necessity of
stabilization annealing to improve adhesion and
phase transformations in the AI-Ti-Si system.
Indeed, preliminary stabilizing annealing at 500 °C
in protective nitrogen atmosphere improved
parameters of heat transfer of multilayer
structures. This reflected in switching oscillograms
(Figure 2). The observed improvement of heat
sink processes also reflected on the development
of thermal degradation of the structure (Dunn et
al., 1986; Skvortsov et al., 2016; He et al., 2019).

Earlier it was found out (Skvortsov et al.,
2014) that beginning of degradation processes in
the studied range of current densities j = (2-9)-10
A/m? and pulse durations t=(100-1000) us is
related to formation of molten zones in a thin-film
system and subsequent melting of the total
current-carrying layer (at the appropriate power of
current pulses). The beginning of thermal damage
is attributed to the moment of the abrupt departure
of potential U(t) from a monotonic increase in the
switching oscillogram (Figure 3). The current
density and starting point of irreversible changes
in the structure will be called critical jor and f,
respectively. As already noted, isothermal
annealing of thin-film structures (contributing to
the improvement of thermal contact between the
layers) has to lead to increasing critical current
density jor at a fixed pulse duration 71. Indeed, the
data obtained for the AI-Ti-Si structures confirm
this (Figure 4). For single square-wave pulses with
a duration of 200 ys and 550 ys, jor value may
increase to 20%.

The observed changes are related to both
improvement of adhesion in multilayer structure
and active mass transfer (Chen, 2005), with the
formation of triple chemical compounds based on
titanium disilicide (TiSi;) and replacement of
titanium atoms with silicon atoms and (or)
aluminum atoms (TixSijAlz). Such atomic
rearrangement occurs with the participation of
processes of grain boundary diffusion and bulk
diffusion and is accompanied by the formation of
new phases. All this significantly affects the

electrical and thermal characteristics of the formed
multilayer structure and reflects on switching
oscillograms and jr value. As to the character of
structure melting after the passage of the current
pulse, the melting of aluminum tracks on the Al-Ti-
Si system was characterized by regular directivity
(Figure 5). Such behavior is related to good
adhesion of titanium film to both contacting phases
(Al and Si), even without stabilizing annealing.
Annealing of the Al-Ti-Si structures did not change
melting character; only structure electrical and
thermal characteristics varied.

4. CONCLUSIONS:

The article examined the contribution of
scientists to the study of the role of metallization in
the structures of micro- and nanoelectronics, the
operating characteristics of logic elements in
various conditions. A characteristic of the use of
aluminum in electronics, its positive properties and
disadvantages was given. Degradation processes
in the AIi-Ti-Si system were considered under
thermal shock. Heating of a multilayer system at
passing through it single square-wave current
pulses with a duration of 50...1000 ps and
amplitude j to 9:10'° A/m? was analyzed.

For the obtained test structures, a study
was performed of AI-Ti-Si multilayer systems
before and after isothermal annealing according to
the electric response taken from different regions
during the passage of one square. It was found
that the dynamics of heating the structure depends
on the current strength, the parameters of the
semiconductor matrix and the size-thermal ratio of
the titanium film and the intermediate dielectric
film. Accordingly, the bigger the sublayer
thickness is, the quicker the heating of metal
tracks occurs: when the thickness h, of the
titanium sublayer changes from 80 nm to 170 nm,
the temperature T1 of the Al film increases from
360 K to 430 K to the moment of pulse shutdown.

It was revealed that isothermal annealing
leads to the improvement of heat-conducting
properties of the system and, consequently, to
increase critical current densities by 20%. This
was related to the improvement of adhesive
properties of the structure as well as to phase
transformations in the AI-Ti-Si system in the
course of annealing (atomic rearrangement took
place with the participation of grain boundary
diffusion and bulk diffusion processes), which
affected the electrical and thermal characteristics
of the formed multilayer structure and was
reflected in the switching of the oscillograms. The
melting of aluminum tracks in the Al-Ti-Si system
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was characterized by a regular directivity, which
was associated with good adhesion of the titanium
film to both contacting phases. It was observed
that only the structure of electrical and thermal
characteristics changed, but the nature of melting
did not change.

5. ACKNOWLEDGMENTS:

The reported study was funded by RFBR,

according
27005.

to the research project No. 18-29-

6. REFERENCES:

1.

10.

11.

Ahmad, S.M., Leong, Ch.S., Winder,
R.W., Sopian, K., Zaidi, S.H. Journal of
Electronic Materials, 2019, 48(10),
6382—-6396.

Ahmadvand, M.S., Azarniya, A.,
Madaah Hosseini, H.R. Journal of
Alloys and Compounds, 2019, 789,
493-505.

Alam, M.Z., Durgarao, K.Y., Kumawat,
M., Banumathy, S. Surface and

Coatings Technology, 2019,
380,125071.

Brincker, M., Pedersen, K.B.,
Kristensen, P.K., Popok, V.N. [EEE
Transactions on Components,
Packaging and Manufacturing

Technology, 2018a, 8(12), 2073-2080.

Brincker, M., Pedersen, K.B.,
Kristensen, P.K, Popok, V.N.
Microelectronics  Reliability, 2015,

55(9-10), 1988-1991.

Brincker, M., Walter, T., Kristensen,
P.K., Popok, V.N. Journal of Materials
Science: Materials in Electronics,
2018b, 29(5), 3898—3904.

Chang, Y.-Y., Chang, C.-P. Journal of
Nanoscience and Nanotechnology,
2010, 10(7), 4762—-4766.

Chawla, V., Sidhu, B.S., Rani, A,
Handa, A. Materials and Corrosion,
2019, 70(12), 2157-2178.

Chen, L.J. Journal of Metals, 2005,
57(9), 24-30.

Cruz, D., Garrido, M.A., Mlnez, C.J.,
Rico, A., Poza, P. Surface Engineering,
2019, 35(9), 792-800.

De Rose, A., Kraft, A., Eitner, U.,

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Nowottnick, M. Solder Proceedings of
the International Spring Seminar on
Electronics Technology, 2018, 2018,
Article number 8443630.

Diligenti, A., Bagnoli, P.E., Neri, B.,
Bea, S., Mantellassi, L. Solid-State
Electronics, 1989, 32(1), 11-16.

Dunn, C.F., Brotzen, F.R., Mcpherson,
J.W. Journal of Electronic Materials,
1986, 15(5), 273-277.

Eslami, M., Deflorian, F., Zanella, C.
Progress in Organic Coatings, 2019,
137, 105307.

Fischer, M., Trant, M., Thorwarth, K.,
Crockett, R., Patscheider, J., Hug, H.J.
Science and Technology of Advanced
Materials, 2019, 20(1), 1031-1042.

Galetz, M.C., Oskay, C., Madloch, S.
Surface and Coatings Technology,
2019, 364, 211-217.

Garosshen, T.J., Stephenson, T.A,
Slavin, T.P. Journal of Metals, 1985,
37(5), 55-59.

Gupta, T.K. Microelectronics
Reliability, 1979, 19(4), 337—-343.

He, Y., Yang, X., Yang, X., Xiao, T.,
Bao, Y., Ma, W., Lv, G. Materials
Science in Semiconductor Processing,
2019, 104, Article number 104596.

Homa, M., Sobczak, N. Journal of
Thermal Analysis and Calorimetry,
2019, 138(6), 4215-4221.

Kang, M.C., Kim, M.W., Kim, K.R., Kim,
K.H., Jung, S.Y., Kim, C., Ahn, D.G.
Journal of  Computational  and
Theoretical Nanoscience, 2008, 5(8),
1772-1776.

Kumar, P., Das, B., Singh, A. Journal of
Mechanical  Engineering  Science,
2019, 233(14), 5033-5047.

Kumar, P., Singh, A. Fatigue and
Fracture of Engineering Materials and
Structures, 2019, 42(12), 2625-2643.

Liu, H., Li, S., Jiang, C.-Y., Yu, C.-T.,
Bao, Z.-B., Zhu, S.-L., Wang, F.-H.
Acta Metallurgica Sinica (English
Letters), 2019, 32(12), 1490-1500.

Macherzynski, W., Stafiniak, A.,
Paszkiewicz, B., Gryglewicz, J.,
Paszkiewicz, R. Physica Status Solidi,
2016, 213(5), 1145-1149.

Periddico Tché Quimica. ISSN 2179-0302. (2020); vol.17 (n°34)
Downloaded from www.periodico.tchequimica.com

339



26.

27.

28.

29.

30.

31.

32.

33.

34.

Martineau, D., Levade, C., Legros, M.,
Dupuy, P, Mazeaud, T.
Microelectronics  Reliability, 2014,
54(11), 2432-2439.

Mwema, F.M., Oladijo, O.P., Akinlabi,
S.A., Akinlabi, E.T. Journal of Alloys
and Compounds, 2018, 747, 306-323.

Neudeck, S., Mazilkin, A., Reitz, C.,
Hartmann, P., Janek, J., Brezesinski,
T. Scientific Reports, 2019, 9(1), 5328.

Okabe, H., Yoshida, M., Tominaga, T.,
Fujita, J., Endo, K., Yokoyama, Y.,
Nishikawa, K., Toyoda, Y., Yamakawa,
S. Materials Science Forum, 2014,
778-780, 955-958.

Pedersen, K.B., Ostergaard, L.H.,
Ghimire, P., Popok, V., Pedersen, K.

Microelectronics  Reliability, 2015,
55(8), 1196-1204.
Sattar, M., Batool, M., Khan, Z.S.

Materials Research Express, 2019,
6(10), 105545.

Shuai, C., Xue, L., Gao, C., Wang, G.,
Peng, S., Min, A. Advanced
Engineering Materials, 2019, 21(7),
1801322.

Skvortsov, A.A., Kalenkov, S.G,,
Koryachko, M.V. Technical Physics
Letters, 2014, 40(9), 787—790.

Skvortsov, AA., Zuev, S.M,

U@ =1OR {1 +alT0)-T, ]}

AT =T,-T, =

I’R

h, 1 \F
—+t— |
A cds \a

— 1 Tl
b=——bT)dT
ATTIOU

35.

36.

37.

38.

39.

40.

V.V.
2016,

Koryachko, M.V., Glinskiy,
Microelectronics International,
33(2), 102-106.

Sun, W., Sun, Y., Shah, K.J., Zheng,
H., Ma, B. Journal of Environmental
Management, 2019, 241, 22-31.

Topol, A.W., La Tulipe, D.C., Shi, Jr.L.,
Frank, D.J., Bernstein, K., Steen, S.E.,
Kumar, A., Singco, G.U., Young, A.M.,
Guarini, K\W., leong, M. IBM Journal of
Research and Development, 20086,
50(4/5), 491-506.

Wang, C.J., Koech, P.K., Lin, X.Z.
Journal of the Chinese Institute of
Engineers,  Transactions of the
Chinese Institute of Engineers, 2019a,
42(3), 244-253.

Wang, M., Tan, Q., Liu, L., Li, J. Journal
of Hazardous Materials, 2019b, 380,
120846.

Yi, H., Xie, X., Tang, X., Zhao, S.,
Yang, K., Huang, Y. Yang, Z
Chemical Engineering Journal, 2019,
374, 370-380.

Zhao, J., An, T., Fang, C., Bie, X., Qin,
F., Chen, P., Dai, Y. I[EEE Transactions
on Power Electronics, 2019, 34(11),
11036—-11045.

(Eq. 1)

(Eq. 2)

(Eq. 3)

Periddico Tché Quimica. ISSN 2179-0302. (2020); vol.17 (n°34)
Downloaded from www.periodico.tchequimica.com

340



U,V T;. K

2.0

1.8 1 400

1.4

1.2

0 100 200 300 400 t, us

Figure 1. Switching oscillograms of Si-Ti-Al system at different Ti sublayer thicknesses: 1 — h,=0; 2 —
h2=80; 3 — hy=100; 4 — ho=130; 5 — h,=170 nm; j=6.0-10"° A/m?; h,;=2 um; pulse duration of 500 us
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Figure 2. Switching oscillograms of Al-Si (1) and Al-Ti-Si systems with Ti sublayer thickness
h2=170 nm (2) after isothermal annealing of the structure at 500 °C for 3 — 60 min.; 4 — 90 min
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Figure 3. Dynamics of the temperature of aluminum metallization AT+(t)=T:(t)-To at the passage of a
single current pulse with amplitude: 1 — j=8.7-10"° A/m? 2 — 7.0-10"° A/m?. Insert: switching
oscillogram of Si-Ti-Al systems taken at the passage of a single current pulse (duration of 800 us, the
amplitude of 6.4-10"° A/m?)
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Figure 4. Dependence of critical current density jo- on annealing time t, of Al-Ti-Si structure in an inert
atmosphere at a temperature of 500 °C; duration of square-wave current pulse: 1 — 550 us; 2 — 200 us

Figure 5. Photograph of thermal degradation of Al-Ti-Si structure after current pulse passage (j>jcr)
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