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INFLUENCE OF RAPID THERMAL TREATMENT ON THE MECHANICAL
PROPERTIES OF SUBMICROSTRUCTURES BASED ON NICKEL
AND CHROME FILMS

Abstract. The results of a study of the phase composition, surface morphology, grain size and mechanical properties of
submicrostructures based on chromium and nickel before and after rapid thermal treatment (RTT) at temperatures from 200
to 550 °C are presented. Surface morphology and grain size were determined using atomic force microscopy. Mechanical
properties were determined by nanoindentation. Rapid thermal treatment of nickel and chromium films significantly affects
the change in phase composition, surface morphology, grain size and properties. The formation of silicides (according to the
diffusion mechanism) and new phases occurs in the films: the CrSi, phase is formed at temperatures of 350 °C and above, the
Ni,Si phase at 300 °C, and the NiSi phase at 350 °C and above. When the phase composition changes, the grain size increases.
In the RTT ranges from 200 to 300 °C and from 450 to 550 °C for chromium-based submicrostructures, the correlation be-
tween microhardness and grain size is carried out according to the Hall-Petch law — microhardness increases with decreasing
grain size. For nickel-based submicrostructures, the Hall-Petch law is satisfied in the temperature range from 200 to 300 °C and
from 500 to 550 °C. In the temperature range of 300—450 °C for chromium-based submicrostructures and 300-500 °C for
nickel-based submicrostructures, microhardness decreases with decreasing grain size and vice versa, i.e. a “negative Hall—
Petch effect” occurs. This effect is associated with the phase transitions Cr — CrSi, and Ni — Ni,Si — NiSi, restructuring of
submicrostructures due to the diffusion mechanism, morphological rearrangement of vacancy defects and annealing of point
defects inside grains, as well as the corresponding reconstruction of grain boundaries. The considered submicrostructures
based on chromium and nickel can be used in microelectronics for Schottky diodes, ohmic contacts and gates.
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BJIMSIHUE BBICTPOI'O TEPMUYECKOI'O OT)KUIA HA MEXAHUYECKHUE CBOMCTBA
CYBMHUKPOCTPYKTYP HA OCHOBE IIVIEHOK HUKEJISI U XPOMA

AnnoTanus. [IpencraBieHs! pe3yabTaTsl HCCIEIOBaHUS (ha30BOT0 COCTaBa, MOP(OIOTUU MOBEPXHOCTH, pa3Mepa 3epHa
W MEXaHMYECKHX CBOHCTB CyOMHKDPOCTPYKTYp Ha OCHOBE XpOMa W HHKEIs A0 M MOcie ObICTpOi TepMUYecKoil 00paboTku
npu temnepatrype ot 200 1o 550 °C. Mop¢onoruio moBepXHOCTH U pa3Mep 3€pHa OMPEIENsIM C HOMOLIBIO ATOMHO-CHJIO-
BOM MHKPOCKOITHH, MEXaHMYECKHE CBOWCTBA — METOJOM HAHOWHJACHTHPOBaHWS. BhICTpas TepMudeckas o00paboTka
CYOMHKPOCTPYKTYp Ha OCHOBE HHUKENsI M XpOMa CYLIECTBEHHO BIIMSET Ha M3MeHeHHe (a30BOro cocrtaBa, MOP(HOJIOrHH
TIOBEPXHOCTH, pa3Mepa 3epHa M CBOUCTB. [Ipomcxomut (opmupoBanue crinMuaoB (0 AUGPY3NOHHOMY MEXaHU3MY)
n HOBBIX ¢a3: daza CrSi, popmupyercst npu temmneparype 350 °C u Brire, daza Ni,Si — nmpu 300 °C, a ¢a3za NiSi — npu
350 °C u Boimte. [Ipu n3meneHun Gpa3zoBoro cocraBa MpoOMCXOIUT pocT pazmepa 3epHa. B nuamazonax BTO ot 200 1o 300 °C 1 ot
450 no 550 °C nnsa cyOMUKPOCTPYKTYp Ha OCHOBE XpoMa KOPpEsAlus MUKPOTBEPAOCTH U pa3Mepa 3epHa BBIMOJIHIETCA
corjacHo 3akoHy Xosuia—IleTda — MHKPOTBEpPIOCTh PAacTeT ¢ yMEHbIIEHHEM pa3Mepa 3epHa. /i cyOMHKPOCTPYKTYp Ha
ocHoBe HuKens 3akoH Xoiyuta—Iletua Beimonnsiercs B nuamnazone temneparyp or 200 xo 300 °C u ot 500 mo 550 °C.
B nmnamnazone temneparyp 300—450 °C mus cyoMukpocTpykTyp Ha ocHOBe Xxpoma u 300-500 °C nist cyOMUKPOCTPYKTYp Ha
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OCHOBE HUKENsT MHKPOTBEPIOCTh CHI)KAeTCs C YMEHBIICHHEM pa3Mepa 3epHa U HA00OPOT, TO €CTh IMPOUCXOAUT «OTpPH-
narenbHblil 3¢ dext Xomna—Iletua». Takoit apdexT csa3an ¢ pasossivu nepexopamu Cr — CrSi, u Ni — Ni,Si — NiSi,
pecTpyKTypH3anuei CyOMUKPOCTPYKTYp U3-3a TU(PYy3HOHHOTO MEXaHH3Ma, MOP(OJIOrYECKOH MePecTPOKN BaKaHCHOHHBIX
Ne(heKTOB U OT)KUTOM TOYCUHBIX JE(EKTOB BHYTPHU 3E€pPCH, a TaK)Ke COOTBETCTBYIOIICH PEKOHCTPYKLHEH MeX3epeHHBIX
rpaHul. PaccMoTpeHHBIE CYyOMHKPOCTPYKTYPBI HA OCHOBE XpOMa M HUKEJIST MOJKHO IPUMEHSTh B MHUKPOIJIEKTPOHUKE IS
nuonoB [1IoTTkH, OMHYECKUX KOHTaKTOB M 3aTBOPOB.

KuioueBble cjIoBa: TOHKHE IUICHKH, CHUIMIUABI HUKEIS M XpOMa, KPEeMHHUEBas MOIJIOKKA, OBICTpas TepMHUYECKas
o6paboTka, pa3mMep 3epHa, MEXaHHUECKHE CBOHCTBA, aTOMHO-CHJIOBAasi MUKPOCKOIHS, HAHOMHICHTHPOBaHHE
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Introduction. Transition metal silicides are good electrical conductors with resistivity comparable
to that of metals and metal alloys. They also have good thermoelectric properties [1]. These silicides find
application as: the Schottky barriers and ohmic contacts [2], gate and interconnect metals, epitaxial
conductors in heterostructures [3] since they have lower electrical resistance than polycrystalline silicon
and are compatible with the silicon substrate.

Some of the widely available metals for the formation of silicides are Cr and Ni. A common method
for obtaining silicides based on these metals is rapid heat treatment of the metal layer on the surface of
the silicon wafer. The reaction of Cr and Si results in the formation of the CrSi, phase at temperatures
of 350 °C and above [4, 5]. During heat treatment of Ni on Si, Ni,Si silicides are formed (at temperatures
of 200-300 °C) with subsequent phase transition to NiSi and NiSi, at temperatures above 350 °C [6].
Silicides based on Cr and Ni are used to create barriers for Schottky diodes, interconnections and
contacts in integrated circuits [6—10].
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Studies of the properties of Cr and Ni silicides are mainly focused on their phase composition and
electrophysical characteristics. Mechanical properties (which are not unimportant) have been studied to
a small extent or for a very long time [11, 12]. When studying the mechanical properties of nickel sili-
cides, difficulties arose due to the brittleness of the materials obtained [13], and chromium silicide study
was carried out mainly for bulk materials [14]. The elastic modulus of CrSi, was determined by the ultra-
sonic method and calculated using the first principles method [15]. The use of a modern nanoindentation
method and small loads (from uN to mN) allows working with small thicknesses and volumes of materi-
al [16], which opens up opportunities for determining the mechanical properties of thin nanometer films.

The aim of the work is to determine the mechanical properties of submicrostructures based on nickel
and chromium films before and after rapid thermal treatment at temperatures from 200 to 550 °C.

Materials and research methods. Chromium (Cr) and nickel (Ni) films were deposited on silicon
substrates by magnetron sputtering of 99.5 % pure chromium and nickel targets in 99.993 % pure argon
using an SNT Sigma installation (StratNanoTek Invest, Belarus) [17, 18]. For chromium films, the dis-
charge pressure and power during deposition were 0.5 Pa and 5.1 kW (the power density was about
5.85 W/cm? at a discharge voltage of 680 V), respectively, and for nickel films — 0.35 Pa and 7.1 kW (the
power density was about 8.15 W/cm? at a discharge voltage of 480 V), respectively. The silicon sub-
strates were epitaxial layers of phosphorus-doped silicon with a resistivity of 0.58—0.63 Ohm - ¢m and
a thickness of 5.3-5.8 um, formed on substrates of p-type single-crystal silicon with a resistivity of
10 Ohm - cm and orientation (111). Before deposition of Ni and Cr films, the substrates were treated first
in an ammonium peroxide solution and then in an aqueous HF solution.

Then the substrates with Cr and Ni films were subjected to rapid thermal treatment (RTT) in the heat
balance mode by irradiating the back side of the substrates with an incoherent light flux of constant
power quartz halogen lamps in a nitrogen environment for 7 s until the temperature reached 200 to
550 °C using a JetFirst 100 setup (Jipelec Qualiflow, France). The temperature of the working side of the
substrate was controlled by a thermocouple with an accuracy of = 0.5 °C.

The phase composition was studied by X-ray diffraction (XRD) analysis using an ULTIMA 1V
diffractometer (Rigaku, Tokyo, Japan).

Film thickness was determined by scanning electron microscopy (SEM) on an S-4800 device
(Hitachi, Tokyo, Japan). To determine the film thickness, a vertical cleavage of a silicon wafer with
a film was made and its SEM image was obtained.

The surface structure of Cr- and Ni-based submicrostructures before and after RTA was studied on
a Dimension FastScan atomic force microscope (AFM) (Bruker, USA) in the PeakForce QNM mode
using a standard CSGI10_SS silicon cantilever (TipsNano, Russia) with a tip radius of 5 nm and
a cantilever stiffness of 0.3 N/m.

The physical and mechanical properties (elastic modulus £ and microhardness H) were determined
on a Hysitron 750 Ubi nanoindenter (Bruker, USA). Nine indentations were performed with a load of
50 uN (for Cr-based submicrostructures) and 100 uN (for Ni-based submicrostructures). The indentation
depth did not exceed 1/10 of the film thickness in order to exclude the influence of the substrate on the
E and H values.

Results and discussion. SEM images of cross sections of samples with films showed an increase in
thickness with increasing RTT temperature (Fig. 1, 2). The initial film thickness was: for Cr — 27.8 nm,
for Ni — 59.5 nm. A significant increase in thickness occurs after RTT at 350—400 °C for Cr films (up to
66.1 nm) and after RTT at 300-350 °C for Ni films (up to 139 nm). RTT of nickel and chromium films
also significantly affects the change in phase composition, surface morphology, grain size and electro-
physical properties. These changes are described in more detail in [17, 18]. Let us note the main points:

1. During RTT, silicides and new phases are formed. Thus, in Cr-based films, the CrSi, phase
is formed at temperatures of 350 °C and above (Fig. 1 ¢, d) [17]. In Ni-based films, the Ni,Si phase is
formed first at 300 °C, and then the NiSi phase at 350 °C and above (Fig. 2, b—d) [18]. Phase transitions
are the main reason for the formation of new submicrostructures, changes in surface morphology, grain
size, and electrophysical properties.

2. In the RTT temperature range from 400 to 550 °C, the surface of the Cr/Si structure acquires
a wavy texture (see Figure 1 ¢, d), caused by the phase transition of the Cr film into the CrSi, layer with
a large lattice parameter and formed due to the diffusion of silicon atoms from the substrate into the
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Fig. 1. X-ray phase analysis, SEM images of a cross section and AFM images of the surface of heterostructures based on
chrome films after RTT: a — initial film; » — at 350 °C; ¢ — at 400 °C; d — 550 °C
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Fig. 2. X-ray phase analysis, SEM images of a cross section and AFM images of the surface of heterostructures based on nickel
films after RTT: a — initial film; b — at 350 °C; ¢ — at 400 °C; d — 550 °C

growing layer. These phase changes are accompanied by an increase in the size of the crystalline grains
and cause an increase in the surface roughness parameters, specific surface energy and specific resistance
of the CrSi, layers [17]. RTT at temperatures of 200250 °C leads to coarsening of the nickel film grains
due to the formation of the Ni,Si phase, and then the NiSi phase (see Figure 2, b—d). In this case, there is an
increase in roughness and average grain size, and the specific electrical resistance decreases.

3. The formation of Cr and Ni silicides occurs by a diffusion mechanism — diffusion of Ni atoms into
the substrate and diffusion of silicon atoms from the substrate into the Cr film [8, 10, 17-22].

The mechanical properties (elastic modulus £ and microhardness /) of submicrostructures based on
nickel and chromium films before and after RTT are shown in Table and Figure 3. On Cr-based
submicrostructures, there is an almost direct dependence of the elastic modulus on the grain size (see
Table), while on Ni-based submicrostructures there is no correlation (see Table). The elastic modulus
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Grain size and elastic modulus of submicrostructures based on nickel and chromium films before and after RTT

Cr-based submicrostructures Ni-based submicrostructures
RTT temperature, °C
Grain size, nm Elastic modulus, E, GPa Grain size, nm Elastic modulus E, GPa

Initial 152+14 254 + 37 18.7+4.1 170+ 3
200 10.4£0.9 203 £23 21.7+54 95+4
250 122+ 1.1 74+ 11 23.1+7.2 149 £+ 15
300 11.8+ 1.1 118 + 89 249+ 53 129 + 19
350 11.3+ 1.0 152 £ 16 274+6.3 179 £ 20
400 164+ 1.5 156 £23 243+6.3 152 +£23
450 18.1£1.6 131+ 14 259+6.7 141 £ 15
500 20.1 £ 1.8 94 £21 248+ 8.9 161 £ 18
550 266 2.4 116 + 31 299+ 8.7 127+ 12

changes in the range of values: for Cr — from 74 to 254 GPa, for Ni — from 95 to 170 GPa. In this case,
the maximum values were obtained on the original submicrostructures.

In the RTT ranges from 200 to 300 °C and from 450 to 550 °C for Cr-based submicrostructures,
the correlation of microhardness and grain size is performed according to the Hall-Petch law [16, 23]
(Figure 3, a) — microhardness increases with decreasing grain size. The same thing happens for
Ni-based submicrostructures in the temperature range from 200 to 300 °C and from 500 to 550 °C
(see Figure 2, b). The “negative Hall-Petch effect” [16, 24] (i.e. microhardness decreases with decreasing
grain size and vice versa) occurs in the temperature range of 300—450 °C for Cr and 300-500 °C for Ni
(see Figure 3, red areas on the graphs).
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Fig. 3. Dependence of microhardness and grain size on RTT temperature for heterostructures based on chromium (@)
and nickel (b) films

The maximum microhardness of 5.1 GPa was obtained for the initial nickel-based submicrostructure
without heat treatment. For chromium-based submicrostructures, the maximum microhardness was
6.9 GPa at 200 °C. The failure to observe the Hall-Petch law in the above temperature ranges (see
Figure 3, red areas on the graphs) is probably associated with the phase transitions Cr — CrSi, and Ni —
Ni,Si — NiSi [17, 18], film restructuring due to the diffusion mechanism, morphological rearrangement
of vacancy defects in the Ni film [25], and annealing of point defects inside the grains of polycrystalline
Cr and the corresponding reconstruction of grain boundaries [26].

Conclusion. The study examined the effect of the rapid thermal treatment at temperatures from 200
to 550 °C on the microstructure and mechanical properties of the submicrostructures based on nickel
and chromium films. Silicides (by the diffusion mechanism) and new phases are formed in the films:
the CrSi, phase at temperatures of 350 °C and above, the Ni,Si phase at 300 °C, and then the NiSi phase
at 350 °C and above. When the phase composition changes, the grain size increases and the surface
morphology changes. The elastic modulus changes in the following range: for Cr — from 74 to 254 GPa,
for Ni — from 95 to 170 GPa. In the RTT ranges from 200 to 300 °C and from 450 to 550 °C for Cr-based
submicrostructures, the correlation of microhardness and grain size is performed according to the Hall—-
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Petch law. For Ni-based submicrostructures, the Hall-Petch law is valid in the temperature range of 200
to 300 °C and 500 to 550 °C. The “negative Hall-Petch effect” occurs in the temperature range of 300—
450 °C for chromium submicrostructures and 300-500 °C for the nickel submicrostructures (associated
with the phase transitions, restructuring, rearrangement of vacancy defects, annealing of point defects
within grains and reconstruction of grain boundaries).
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