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RESUMO

A relevancia do estudo se deve ao fato de que, nas condi¢cdes de desenvolvimento da micro e
nanoeletrbnica, é necessério prestar atengdo aos sistemas de comutacao resistiva, que sao a base nas estruturas
dessas areas da eletrbnica. O trabalho trata da investigacdo do papel de finas camadas dielétricas de 6xido e
nitreto de silicio na dindmica de aquecimento de interconexdo em placas monocristalinas de silicio. O método
principal para o estudo desse problema é o método do experimento, que permite identificar as caracteristicas da
influéncia da subcamada dielétrica nos regimes térmicos de sistemas multicamadas. E mostrado que a passagem
de pulsos de corrente (amplitude de até 6-10'° A/m? e uma durac&o de até 600 ps) leva a danos térmicos das
interconexdes até a interrupgado do circuito elétrico. A natureza da destruicdo depende fortemente da qualidade da
deposicgao de filmes dielétricos e metélicos, bem como do estado da interface metal-dielétrica. Verificou-se que os
oscilogramas da incluséo, obtidos durante a passagem de um pulso de corrente, refletem claramente a mudanca
nos parametros dimensionais (h,) e térmicos (A;) das subcamadas dielétricas; foram considerados os
mecanismos de degradagéo térmica dos sistemas de metalizagdo de aluminio com subcamadas dielétricas finas
relacionadas a sua fusédo; verificou-se que a formacgéo de zonas fundidas esté relacionada a reducdo local da
secdo transversal do filme e, consequentemente, ao aparecimento de uma zona fundida que se coagula em
guedas no curso da corrente de pulso e promove a interrup¢éo do circuito elétrico. O método proposto pode ser
aplicado para avaliar as propriedades térmicas de filmes finos de dielétricos.

Palavras-chave: comutacao resistiva, interface metal-dielétrico, estrutura para altas temperaturas.
ABSTRACT

The relevance of the study is due to the fact that in the conditions of development of micro-and
nanoelectronics, it is necessary to pay attention to resistive switching systems, which are the basis in the
structures of these areas of electronics. The work deals with the investigation of the role of thin dielectric layers of
silicon oxide and nitride on interconnection heating dynamics at monocrystalline silicon plates. The leading method
to the study of this problem is the method of experiment, which allows identifying the features of the influence of
the dielectric sublayer on the thermal regimes of multilayer systems. It is shown that passage of current pulses
(amplitude up to 6-10"° A/m® and duration up to 600 pus) leads to thermal damage of interconnections right up to
breaking the electric circuit. The character of destruction strongly depends on the quality of deposition of dielectric
and metal films as well as on the state of the dielectric-metal interface. It was found that the oscillograms of the
inclusion, taken during the passage of a current pulse, clearly reflect the change in the dimensional (h,) and
thermal (A,) parameters of the dielectric sublayers; considered the thermal degradation mechanisms of the
aluminum metallization systems with thin dielectric sublayers related to its melting; it was found that formation of
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melted zones is related to local reduction of film cross-section and consequently to the appearance of a melted
zone that coagulates into drops in the course of current pulse passing and promotes breaking the electric circuit.
The proposed method can be applied to assess the thermal properties of thin films of dielectrics.

Keywords: resistive switching, metal-insulator interfaces, structure for high temperature.

AHHOTALIUA

AKTyanbHOCTb MUcCneaoBaHus obycrioBneHa TeM, YTO B YCMOBUSIX Pa3BUTUSA MUKPO- U HAHOIMNEKTPOHMKN
HeobXxoaMMO yaenaTb BHUMaHWE PEe3UCTMBHLIM KOMMYTALUMOHHBIM CUCTEMAaM, KOTOpble SIBNSAOTCS OCHOBOW B
CTPYKTypax aTux obnacten anekTpoHukM PaboTa mocBsilleHa M3Yy4eHMI0 PO TOHKMX OMINEKTPUYECKMX CITOEB
OKCMAa W HUTpMAA KPEMHMS HAa OMHAMUKY HarpeBa MEXCOeOMHEHW Ha NnacTMHax MOHOKPUCTaIMYeCcKoro
KpemHus. BegywimMm MeTOOOM K UCCredoBaHWI0 [daHHOW MpobnemMbl  SBMASETCS METO4 3SKCMEepUMEHTa,
MO3BONSAKLWIMIA  BbISIBUTb  OCOBEHHOCTU  BMWSIHWUS  OUANIEKTPUYECKOrO MOACMOS Ha  TENnoBble  PeXuMbI
MHOrOCMOWHbIX cucTteM. [MokaszaHo, YTO MPOXOXAEHMEe TOKOBbIX MMMYMbCOB aMnnuTygon Ao 6:10"° A/m*
anvtenbHocTblo 4o 600 us npuBOOWUT K TEMSIOBOMY PaspyLlUEHWMIO MEXCOEAMHEHUW BMMOTb 4O OOpbIBOB
3NEeKTpUYECKor Lienun. Xapakrep pa3pyLLlEeHUn CUITbHO 3aBUCUT OT KavyecTBa HaHECEHMWS OMANEKTPUYECKON NNEHKN
W NMeHKM MeTanna, a Tawkke COCTOSHUSA MeXdasHoW rpaHuubl AnanekTpuk-metann. OBHapykeHo, 4TO
oCUMMorpaMmbl  BKIOYEHUS, CHMMaeMble B MpoLEecce MPOXOXKAEHWS WUMMynbCa TOKa, YEeTKo OTpaxaroT
nsmeHeHne pasmepHbix (hy) n Tennosbix (A;) NapameTpoB OUINEKTPUYECKMX MNOACIOEB; PaCCMOTPEHbI
MEexXaHM3Mbl TEMMOBOW Jerpajaumm CUCTEM antOMUHUEBON MeTannmM3auum C TOHKUMWU  OUINEKTPUHECKUMMN
NMOACNOsIMK, CBsi3aHHblIE C €€ OnNraBfeHUeM; BbISIBNIEHO, YTO OOpas3oBaHMe Y4acTKOB pachnnaBa CBS3aHO C
NOKarmnbHbIM YMEHbLUEHNEM MOMEPEYHOIO CEYEHUS MIIEHKU W, KaK CNEeACTBME, MOSIBMIEHWMIO pacniaBfieHHOro
yyacTka, KOTOpbIA B MPOLIECCE MPOXOXAEHWS MMMyrbca CBOpPAYMBaEeTCs B Kanmnu M crnocobcTByeT oOpbiBY
ToKoNpoBoAdALWen NuHUK. [NMpeanoxeHHas MeToavka MOXET ObiTb MPUMEHEHA AN OUEHKU TEMnnoBbIX CBOWCTB
TOHKWX MIIEHOK ANSNEKTPUKOB.

KnrouyeBble cnoBa: pe3ucmueHoe repekodeHue, uHmepgelc memarnn-Ousnekmpuk, cmpykmypa Ons
8bICOKUX memrepamyp.

1. INTRODUCTION It is also known that a semiconductor
crystal is subjected to high thermoelastic stresses
in the power of electronic devices, especially
under the pulsed operating conditions
(Gavryushin et al.,, 2018a; Gavryushin et al.,

It is well known that the resistive
commutation systems (along with p-n junctions)
are the key elements in the micro- and

nanoelectronic structures (Shejko et al.,, 2016,
Ambrogio et al.,, 2017; Shejko et al., 2017;
Iskovych-Lototsky et al., 2019). This fact is
related to a large extent to the constant tendency
to structure miniaturization (Bermejo et al., 2016;
Long et al., 2016) (which correspondingly results
in increasing "thermal” loads on them), as well as
requires structure operation speed (Hofmann et
al., 2004)

In this connection much attention is being
given to metal-insulator-semiconductor structures
and physical-mechanical processes that are
basic to their operation: solid-state reactions at
interfaces (Popok et al., 2016; Dornic et al., 2018;
Pichkur et al., 2015), diffusion and aggregation of
complexes, generation-recombination processes
of charge carriers (Woirgard et al., 2015; Brincker
et al.,, 2018), problems of heat conduction in
multilayer media (Skvortsov et.al., 2016a; Hu et,
al.,, 2012) and other transport phenomena (van
Soestbergen et al.,, 2010; Nguyen et al., 2011;
Hadata et al., 2011).

2018b). In this case, the metallization systems,
contacts, and near-contact areas of a
semiconductor  structure are the most
"vulnerable", because they have many interfaces
and geometrical heterogeneities (Orlov et al.,
2003b; Skvortsov and Karizin, 2012; Skvortsov et
al., 2016a; Ruffilli et al., 2017;). Therefore, the
purpose of the present work is an investigation of
the effect of thin dielectric layers on the heating
dynamics of interconnections on silicon under a
surface thermal shock.

2. MATERIALS AND METHODS

In this work, the metal-semiconductor and
metal-dielectric-semiconductor structures were
studied. The monocrystalline silicon plates
oriented in the (111) and (100) directions served
as substrates. They were doped with phosphorus
(it is the intentional introduction of impurities into
an intrinsic semiconductor for the purpose of
modulating its electrical, optical and structural
properties); their resistivity varied in the

Periédico Tché Quimica. ISSN 2179-0302. (2019); vol.16 (n°33)
Downloaded from www.periodico.tchequimica.com

449



p =1...0.01 Q-cm range. When studying the Al-Si
binary systems, a 30...50 ym n-epitaxial layer
was deposited on some plates to prevent current
flow through the semiconductor. Thin silicon
oxide SiO, or silicon nitride SizN, films were
deposited on some plates to compare
temperature  dependencies of A, values.
Aluminum (as the most popular metallization
material in semiconductor structures) served as
the conductive metal film (Beshajova and Martin,
2018). Registration of temperature changes in a
thin-film structure was made using a test
structure as a metallization track. Square current
pulses were passed through it, with registering
voltage drop U(t) from a part of the test structure.
From the U(t) oscillograms, one can judge the
dynamics of system heating in the course of
current pulse passing. Moreover, the processes
of irreversible degradation related to the
appearance of melted regions in the structure are
clearly reflected in the U(t) oscillograms. It was
established that a potential-jump in the U(t) curve
is definitely related to the appearance of melted
Al fragments on the region analyzed.

Silicon nitride films were prepared using
pyrolytic  deposition of dichlorosilane  with
ammonia onto silicon plates at reduced pressure
(~50 Pa) in the temperature range of 700-900°C.
Deposition of silicon nitride films was realized at a
specialized plant (Figure 1). It involved a quartz
reactor (a quartz tube 100 mm in diameter (1,
Figure 1) with a temperature-controlled zone),
afore vacuum evacuation system (operating in
the continuous mode with pump speed to 30 I/s)
and a working gas (monosilane SiH4 and
ammonia NH;) feed system. A diffusion furnace
provided a uniform temperature of operating zone
at a length of 700 mm with an accuracy of + 2 °C.

The thermal oxide was grown in diffusion
furnaces using the standard technology (Birouk
and Madi, 2011) in the temperature range of
1150-1250°C in dry oxygen. A number of
specimens a to isothermal annealing at 550°C in
the inert atmosphere to stabilize contact
properties and improve adhesion. The process of
silicon thermal oxidation in oxygen or water vapor
is usually described with resulting chemical
reactions (Equations 1 and 2).

The films of thermal silicon oxide were
grown in a flow reactor with vertical plates
(Figure 2) in "dry" oxygen (O,) and in "wet"
oxygen — with the presence of water vapor (O, +
H,0).

A choice of oxidation method was
determined by the required thickness and
properties of the formed oxide. The required thin

(< 0.5 pm) oxide films were grown in dry oxygen.
To this end, the boats with plates (2, Figure 2)
were gradually moved into the furnace heated to
800+900 °C. To prevent substrates warping, the
temperature was gradually raised to the required
value (900 - 1200 °C) and was supported in the
course of oxidation with an accuracy of + 1 °C.
After completing the oxidation process, the
temperature in the furnace was gradually
reduced, and the substrates were taken out.

The formation of test structures was
performed with optical photolithography (Figure 3,
a-d). The investigation of test structures was
made using the voltmeter-ammeter method from
the electrical response taken from different
structure areas in the passage of single current
pulses of different forms (Skvortsov et al., 2018;
Skvortsov et al.,, 2016b). The experimental
investigation of degradation processes was
performed for the test structures (Figure 3, e)
from the switching oscillograms U(t). They were
taken by the appropriate probes in the course of
current pulse passage and were recorded with a
digital oscillograph.

The temperature dynamics of
metallization track Ti(t) was calculated from the
variation of voltage drop U(t) (Equation 3).

Here Ry, = 0.88 Q is the metallization track
resistance at T, =290 K measured with the
voltmeter-ammeter method:; a = 0.0043 K is the
aluminum temperature coefficient of resistance.
The metallographic studies of the results of
degradation processes were performed using a
digital optical 3D microscope Keyence VHX6000.

3. RESULTS AND DISCUSSION:

It was noted that the temperature
variations of the structures under investigation
were judged from the switching oscillograms.
Figure 4 presents the typical results of these
investigations for systems with a dielectric SiO,
sublayer. The obtained curves are described by
known Equation 4 (Orlov et al., 1996).

Here and further the indices "1", "2" and
"3" apply, correspondingly, to the aluminum
metallization, dielectric sublayer, and
semiconductor substrate; h is thickness; A is
thermal conductivity: ¢, d and a are,
correspondingly, thermal capacity, density, and
thermal conductivity.

Because all the parameters depend on
temperature, so as before (Orlov et al., 2003a),
we used their temperature-averaged values to
calculate T;. To this end, the studied temporal
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interval was divided into small time intervals At.
The averaged value of each parameter was
calculated as the average integral value taken by
it in all elementary intervals. (E.g., the average
integral value of b is Equation 5). One can see
from Equation 4 that the structure heating
dynamics depends on the current strength and
parameters of the semiconductor matrix, as well
as on thermal conductivity and thickness of the
intermediate dielectric film.

The thickness of dielectric sublayer
strongly influences the thermal conditions of
multilayer systems (see Figure 4). To illustrate,
changing the intermediate film thickness h, of
silicon oxide from 0.1 pm to 0.16 pm increases
temperature T, of Al film from 390 K to 440 K at
t =400 ps from the moment of pulse switching
(Figure 4, dashed line). This leads to an earlier
structure overheating: at the same current density
j=5.5-10" A/m?, the thicker is the intermediate
semiconductor layer, the quicker is metallization
tracks warm-up (Figure 4).

The presence of dielectric sublayers with
different A, values is also clearly represented on
oscillograms at the passage of current pulses.
There is a big difference between the heat-
conducting properties of silicon oxide films and
silicon nitride films at different temperature
modes of metal layers operation when passing
current pulses of the same electric power. This is
clearly shown in Figure 5.

Thus the switching oscillograms clearly
represent a variation of the dimensional (h,) and
thermal (A;) parameters of sublayers. Using the
experimental switching oscillograms and the data
on thicknesses of dielectric films, we calculated
the temperature dependences of A, values for the
studied SiO, and SizN, films from the following
Equation 5.

The results of the calculations from
Equation 6 are presented in Figure 6.

It can be observed that the obtained
results agree well with the known literature data
for films of silicon oxide (Zhu et al., 2018; Gu and
Wang, 2018) and silicon nitride (Fong et al.,
2016). Thus the proposed procedure can be
applied to estimate thermal properties of thin
dielectric films.

Earlier (Skvortsov et al., 2018; Skvortsov
etal.,, 2016a) we revealed that, at high-power
electric pulses (pulse duration 7~500 us and
pulse power P;=5...17 W), the degradation
processes in the binary metallization systems are
related to formation of a melted zone (when the

metal melting temperature is achieved) and
contact melting processes that occur at the
metal-semiconductor interface.

Contrary to the AI-Si systems, the
presence of thin dielectric films on semiconductor
surface prevents the processes of contact melting
in the metal-semiconductor system. Therefore,
the beginning of the degradation processes is
related solely to Al melting. It is accompanied by
an abrupt potential-jump U(t) at the oscillograms
followed with its oscillation and a jump related to
conducting channel breakdown. Growth of
current density to the j~ 810" A/m? values
appreciably promotes complete melting of the
test structure (Figure 7).

Formation of melted zones has been
discussed earlier (Brincker et al.,, 2018). We
ascribed this to the processes of electric transfer
and thermal diffusion in the defective areas of
metal track. Local reduction of film cross-section
leads to an increase of current density and
consequently to the appearance of a melted
zone. In this case, melted metal coagulates into
drops, and the conducting line breaks.esults
should be presented concisely. Also, point out the
significance of the results and place the results in
the context of other work and theoretical
background.

4. CONCLUSIONS:

It was considered the effect of thin
dielectric layers of silicon oxides and silicon
nitrides on heating dynamics of interconnections
at monocrystalline silicon plates using the
oscillographic method. It was found that the
switching oscillograms taken in the course of
current pulse passing clearly reflect the variation
of the dimensional (hy) and thermal (A,)
parameters of dielectric sublayers. Using the
experimental switching oscillograms and the data
on the thicknesses of dielectric films, we
calculated the temperature dependences of the
SiO, films and SisN, films studied. This proved
that the proposed method could be applied to
assess the thermal properties of thin films of
dielectrics.

It was also shown that passage of current
pulses with amplitude up to 6-10° A/m? and
duration up to 600 ps results in thermal damage
of interconnections right up to breaking the

electric circuit. We considered the thermal
degradation mechanisms of the aluminum
metallization systems with thin dielectric

sublayers related to its melting. It was found that
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formation of melted zones is related to local
reduction of film cross-section and consequently
to the appearance of a melted zone that
coagulates into drops in the course of current
pulse passing and promotes breaking the electric

circuit.
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1 > 3 4 5

Figure 1. Diagram of installation for deposition of pyrolytic silicon-based films: 1 — quartz reactor, 2 —
boat for silicon plates 76 mm in diameter, 3 — vertical silicon plates, 4 — resistance heater, 5 —
compactors

1 2 3 4

Figure 2. Diagram of installation for growth of thin silicon oxide films: 1 — quartz reactor, 2 — boat for
silicon plates 76 mm in diameter, 3 — vertical silicon plates, 4 — resistance heater providing
temperature in the isothermal zone to 1200 °C

Figure 3. Photographs of a 76 mm silicon plate (a) with a sprayed aluminum film (b), a working
photomask (c) and a silicon plate after structures formation (d). A 3D model of a metal film-
semiconductor plate test structure (e) to study temperature modes of metallization tracks: | — current
area, 1-12 — contact areas to record oscillograms
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Figure 4. Switching oscillograms taken from an area of the Si-SiO,-Al system test structure at
passage of a single current pulse (amplitude of 5.5-10*° A/m?) at different thicknesses of dielectric
sublayer: 1 —h, =0;2-h,=0.1 um; 3—-h, =0.16 um; h; = 2.5 um. The pulse duration of 450 us
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Figure 5. Switching oscillograms of a Si-dielectric-Al system at the passage of a single current pulse
(amplitude j = 3-10"° A/m?, duration 450 ps); h; =5 pm, h, = 0.1 pm: 1 —h, = 0; 2 — SizsNy; 3 — SiO;

Ja, WimK) | 2SN, ® o
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Figure 6. Results of calculation of temperature dependences of z for SiO; films (1) and SizN,4 films
(2): @ — the experimental data for SiO; films from (Zhu et al., 2018; Gu and Wang, 2018), ¢ — those for
SizNy films from (Fong et al., 2016)
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Figure 7. Photograph of melting fragment of an Al-SiO,-Si test structure after the passage of a square
current pulse (amplitude j = 8-10* A/m? and duration 1 = 500 us)
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