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In this work, we have studied the structure evolution of Ni/Ti layered stacks 

with a modulation period of 30 nm and 15 nm (total thickness of the stack is 

of 60 nm) deposited by RF magnetron sputtering onto p-Si (001) substrate 

upon vacuum annealing up to 700°C. As found based on the XRD, SIMS and 

four-point probe resistivity measurements’ data, the diffusion-induced reac-
tions in both stacks occur through the stages of metals’ intermixing, amor-
phization and formation of intermetallic NixTi phases. The application of a 

smaller modulation period leads to the more intense metals’ intermixing, 

which results in the shift of the structural transitions onset to the lower tem-
peratures. However, the modulation period does not influence the tempera-
ture range of amorphization, which is of ≅ 38°C for both stacks. 

Key words: thin films, solid-state reactions, diffusion, crystal structure, 
amorphization. 

В роботі досліджено зміну структури шаруватих плівкових композицій 

Ni/Ti з періодами модуляції у 30 нм і 15 нм (загальна товщина становить 

60 нм), одержаних методом магнетронного осадження на підкладинки p-
Si (001), в процесі відпалу у вакуумі до температури у 700°C. За результа-
тами досліджень методами РСФА, МСВІ та чотирозондової резистометрії 
встановлено, що дифузійно-індуковані реакції в обох плівках перебігають 

через стадії перемішування металів, аморфізації та формування інтерме-
талідних фаз NixTi. Зменшення періоду модуляції зумовлює інтенсифіка-
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цію дифузійних процесів між матеріялами шарів, що спричинює змен-
шення температур початку структурних перетворень. Водночас період 

модуляції не впливає на температурний інтервал аморфізації, який для 

обох плівок складає ≅ 38°C. 

Ключові слова: тонкі плівки, твердотільні реакції, дифузія, кристалічна 

структура, аморфізація. 
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1. INTRODUCTION 

NiTi alloy is the well-acknowledged material that has a pronounced 

shape memory effect due to the low-temperature martensite–austenite 

thermoelastic phase transition [1]. The reversible nature of this transi-
tion brings out a unique inelastic strain recovery effect which makes 

NiTi a promising material for engineering application in microelec-
tromechanical (MEMS) devices such as microactuators, micropumps, 

etc. [2]. The application of NiTi thin films has become of especial rele-
vance due to their fast response, competitively large transition forces, 
cooling rate and a strain recovery rate compared to the bulk material [3]. 
 Basically, equiatomic NiTi thin films are obtained by magnetron co-
sputtering from Ni and Ti high-purity targets on heated substrate [4] 
which allows easy control over deposition rate. However, phase transi-
tions in NiTi alloys are very sensitive to composition, contamination, 
thermal treatment, and aging process, as well as sputtering conditions 

such as power, gas pressure, deposition temperature etc. [5]. Therefore, 
precise control over Ti and Ni atomic content ratio became a big challenge. 
 An alternative approach lies in the synthesis of the equiatomic NiTi 
alloy through a thermal treatment of the multilayered stack composed 

of alternately deposited Ni and Ti metal layers [6]. The increased num-
ber of individual metals nanolayers and variation of its modulation pe-
riod leads to intensification of the formation of intermetallic com-
pounds under elevated temperatures. This is due to the large negative 

Gibbs free energy of mixing in Ni/Ti multilayers which can be accom-
panied by exothermic reactions [7]. However, the modulation period 

cannot be reduced significantly because of the solid-state amorphiza-
tion reaction at the Ni/Ti interface that leads to slowdown of further 

metals intermixing [8]. Cavaleiro et al. [9] studied the temperature 

ranges of B2 NiTi austenitic phase formation as a function of modula-
tion period: the decrease of modulation period from 25 nm to 4 nm cor-
responded to the rise of reaction temperature from 320°C to 385°C. 
Clemens [10] revealed the change in Ni/Ti multilayered structure from 

polycrystalline to amorphous when moving the modulation period 

from 200 to 2 atomic planes. Cavaleiro et al. [7] analysed structural 
evolution with temperature of Ni/Ti multilayers with a modulation 
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period from 5 to 70 nm. The smaller modulation period has been ap-
plied, the more pronounced formation of disordered NiTi phase has 

been observed. Bhatt et al. [11] showed that the Ni/Ti interface amor-
phization is accompanied with the formation of Ni/Ni–Ti/Ti trilayer 

and the modified interface could be sufficiently thick and it expands 

with temperature up to 3.6 nm at 400°C. It has been shown that except 

for the modulation period, the order of Ti and Ni layers’ deposition al-
so strongly affects the diffusion-induced structural phase formation 

upon stacks’ annealing [12]. 
 However, most of the presented studies are devoted to the suffi-
ciently thick multilayered structures (> 2 µm), which are related to 

their integration into MEMS devices. In present days, NEMS systems 

are actively developing, therefore the understanding of the effect of 

the modulation period on the diffusion-induced structural changes and 

phase composition in Ni/Ti stacks of nm-scale thicknesses is relevant. 
It became of especial importance for the films annealed to the elevated 

temperatures when the co-existence of numerous intermetallic NixTiy 

compounds may compromise the phase identification and understand-
ing of composition distribution. In present work, the structural evolu-
tion of 60 nm thick Ni/Ti stacks with altered modulation period has 

been explored upon vacuum annealing. 

2. METHODS AND OBJECTS 

Two series of thin films were prepared, the bi-layered Ni (30 nm)/Ti 
(30 nm) and four-layered Ni (15 nm)/Ti (15 nm)/Ni (15 nm)/Ti (15 nm) 
stacks (hereinafter, [Ni/Ti]x1 and [Ni/Ti]x2, respectively) with an iden-
tical total thickness of 60 nm. Samples were fabricated using RF mag-
netron sputtering from high-purity Ni (99.99%) and Ti (99.99%) met-
al targets onto one-side polished p-type single-crystal Si (100) sub-
strate at room temperature. Sputtering rate was adjusted to 

10 nm/min for Ni at 300 W and Ti at 400 W, respectively. The thick-
ness of the growing film was controlled using the quartz crystal micro-
balance. Before the deposition, silicon substrates were subjected to 

standard RCA cleaning procedure. No buffer layer such as SiO2 or SiC 

was used prior to the film growth to explore if there is any effect of the 

metal layers’ number on the film interaction with Si substrate at ele-
vated temperatures. 
 After the deposition, thin films were annealed in a vacuum of 

10−4
 Pa in the temperature range from 200°C to 700°C for 30 minutes 

using a heating rate of 2°C/s. The temperature was measured using the 

K-type thermocouple mounted at the sample’s surface. 
 For structure characterization and phase identification, x-ray dif-
fraction (XRD) scanning was performed in θ–2θ Bragg–Brentano ge-
ometry using the Rigaku RINT (40 kV, 200 mA) diffractometer 
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equipped with 1.5405 Å CuKα rotating anode. XRD patterns of the as-
deposited and annealed films were recorded at room temperature with 

0.05° step, applying the identical measurement parameters for all 
samples. 
 Chemical elemental depth profiling was performed using secondary 

ion mass spectrometry (SIMS) technique at MC-7201M device. Primary 

beam of Ar+
 ions of 10 keV energy was applied for the layer-by-layer ele-

mental analysis. The discharge current of the gun was adjusted to 

0.4 mA, current density was 2 µA/mm2, and the background vacuum was 

5.5⋅10−5
 Pa. In addition to the analysis of the in-depth secondary ions’ 

distribution of the primary components (Ni28, Ti22
 and Si14), the intensity 

of the secondary ions of C12
 and O16

 impurities was also registered. 
 For in situ monitoring of critical temperatures of solid-state transi-
tions, the high-temperature four-point probe measurement technique 

has been applied [13]. The traditional sheet resistance measurement 

method was upgraded with a high-temperature four-point probe head. 

It provides the possibility to record the electrical resistivity as a func-
tion of temperature in the wide temperature range in a controlled envi-
ronment. Thin film resistivity ρ is given by the equation [14]: 

 
π

ρ = = 4.5324
ln2

V V
t t

I I
, (1) 

where t is the thickness of the film, V is the change in voltage measured 

between the inner probes, I is the current applied between the outer 

probes. 
 To simplify calculations and taking into account that the film is 

conductive, the direct current of 4.53 mA has been used. The probe 

spacing of 1.6 mm allows measuring samples less than 10×10 mm2. The 

background pressure in the vacuum chamber is 5⋅10−4
 Pa. In situ resis-

tivity test has been performed during heating up (with the rate of 

1°C/s) the film up to approximately 550°C with automatically registra-
tion by the data logger. It is worth noting that the heating of the sam-
ples during resistometry test differs from the annealing conditions de-
scribed earlier due to the difference of heating rate and absence of ex-
position at set temperature. The samples have been cooled down imme-
diately after reaching 550°C in vacuum without exposition. 

3. EXPERIMENTAL RESULTS 

Figure 1, a shows the XRD patterns of the bi-layered [Ni/Ti]x1 stacks 

after deposition and vacuum annealing in the temperature range from 

200°C to 700°C given in the 2θ range from 35° to 55°. According to the 

XRD pattern, the phase composition of the bi-layered film after depo-
sition consist of h.c.p. Ti and f.c.c. Ni phases represented by the Ti 
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(002) diffraction peak at 2θ angle of 37.74°, highly intense Ni (111) 
peak at 44.64° and weak Ni (200) peak at 52.08°. Such diffraction pat-
tern, when Ni is formed with {111} fibre texture and Ti with {002} one, 
is typical for sputtered Ni/Ti multilayers [15, 16]. The substantial dif-
ference between the intensities of the Ni (111) and Ti (002) peaks is at-
tributed to the higher crystallinity and texture of Ni layer compared to 

the Ti phase with a likely fine-grain structure. That is generally asso-
ciated with the high chemical reactivity of Ti, which leads to the ad-
sorption of background residual impurities (O, C, N, etc.) from vacuum 

chamber into the growing film during the magnetron sputtering. 
 As-deposited four-layered [Ni/Ti]x2 stack shows almost similar XRD 

pattern (Fig. 1, b) to the one obtained from bi-layered stack. The dif-
ference lies in the broadening and slightly lower intensities of the dif-
fraction peaks from both f.c.c. Ni and h.c.p. Ti phases for the stack 

with smaller modulation period. That is due to the fact that the smaller 

modulation period results in the finer mean crystallite size and higher 

defect density of the sputtered film. 
 The lattice spacings d for both [Ni/Ti]x1 and [Ni/Ti]x2 stacks calcu-
lated from the Ni (111) and Ti (002) peak positions using Gaussian fit-
ting are summarized in Table 1. It is seen that the different modulation 

  
a b 

Fig. 1. XRD scans of the [Ni/Ti]x1 (a) and [Ni/Ti]x2 (b) stacks after deposition 

and after annealing in the temperature range 200–700°C. 
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period in as-deposited samples almost does not affect dNi111 spacing 

(2.028 Å for 30 nm and 2.030 Å for 15 nm), while the dTi002 spacing dif-
fers more significantly (2.383 Å for 30 nm and 2.400 Å for 15 nm). 
Comparing the calculated spacings to the bulk values, f.c.c. Ni lattice 

deviation is very slight (bulk dNi111 = 2.034 Å [17]), whereas h.c.p. Ti 
lattice is significantly larger (bulk dTi002 = 2.342 Å [17]). The distention 

of the Ti crystal structure in Ni/Ti multilayered films has been also 

reported in other works [15, 17]; it is generally associated with the 

high level of compressive mechanical stresses in the Ti sublayers ori-
ented parallel to the metals’ interface. 
 The chemical depth profiles of both films after deposition (Figure 2, 

a, b) confirms their multilayered structure consisting of Ni and Ti al-
ternating layers (Ni as top layer). Despite the similar real thickness of 

each layer, the signal from Ti48
 secondary ion at the depth profile is 

wider than for Ni58
 one that is due to the higher sputtering yield of the 

latter. Besides the main elements (Ni58, Ti48, Si28), the distribution of 

secondary ions of C12
 and O16

 impurities has also been registered. The 

moderate splash of intensity from impurities at the outer surface is 

related to their adsorption after taking the film out of the magnetron 

chamber to the atmosphere. The higher intensity of impurities at the 

surface for bi-layered stack compared to the four-layered one most 

likely indicates the higher level of contamination. It can be seen that 

after deposition the distribution of signal from both C12
 and O16

 impu-
rities is more homogeneous through the depth of four-layered stack 

compared to the bi-layered one. It is also worth mentioning that due to 

the very limited diffusivities at room temperature, the splash of Si28
 

signal that can be seen at the surface cannot belong to the substrate. 
The origin of this splash is rather related to the surface carbohydrate 

TABLE 1. Lattice spacings d of f.c.c. Ni and h.c.p. Ti in Ni/Ti stacks with dif-
ferent modulation period after deposition and after annealing at 200°C and 

300°C for 30 minutes. 

Sample 
[Ni/Ti]x1 [Ni/Ti]x2 

dNi111, Å dTi002, Å dNi111, Å dTi002, Å 

As-deposited 2.028 2.383 2.030 2.400 

Annealed at 

200°C 
2.030 2.370 2.025 2.369 

Annealed at 

300°C 
2.026 2.397 2.022 — 
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compounds with a similar atomic mass to the Si28
 species. 

 Although the low-temperature annealing of both stacks at the 200°C 

almost does not lead to the considerable changes of their XRD patterns 

(Fig. 1), certain distinctions in the lattice spacings of metals due to the 

thermal evolution of stresses are observed (Table 1). It is also worth 

noting the appearance of slight asymmetry of the Ni (111) diffraction 

peak for the stack with smaller modulation period whose origin may be 

related to the onset of the interdiffusion processes. 
 Further increase of annealing temperature of four-layered stack to 

300°C leads to the complete vanishing of Ti (200) diffraction peak and 

appearance of a new area of uneven intensity close to the position of Ni 
(111) fundamental reflection. Corresponding depth profile (Fig. 2, d) 
shows a distinct intermixing of Ni and Ti metals. The output of diffu-
sion is the splash of Ti signal at the outer surface. It is known that Ni 

  
a b 

  
c d 

Fig. 2. SIMS depth profiles of the [Ni/Ti]x1 and [Ni/Ti]x2 stacks after deposi-
tion (a, b, correspondingly) and after annealing at 300°C (c, d) and 400°C (e, 
f). The signal from Ti48

 secondary ions has been decreased 10 times for ease of 

analysis. 
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diffusion occurs faster than Ti one in NiTi alloys [18] due to its much 

smaller activation enthalpy. 
 On the other hand, the profile of bi-layered stack (Fig. 2, c) demon-
strates a much less intense layers’ intermixing while its XRD scan 

shows no noticeable difference compared to the 200°C annealing. The 

development of diffusion between metals in a four-layered system 

leads to the first stages of a solid-state amorphization which gives a 

smoothed halo at 42–44° on the diffractogram well corresponding to 

the previously reported data for Ni/Ti stacks [11, 18]. It is worth re-
calling that the phenomenon of amorphization is typical for Ni/Ti lay-
ered stacks due to the high negative Gibbs energy of intermixing and 

anomalously fast diffusivity of f.c.c. Ni in h.c.p. Ti [19]. Typically, at 

the first stages this process develops through the layers’ interface and 

along the grain boundaries. It is also seen at the depth profiles that the 

intense intermixing for a smaller modulation period results in the 

emergence of a pronounced Ti48
 signal at the outer surface. Because of 

the more restrained intermixing in the stack with larger modulation 

period, the splash of Ti48
 intensity in the near-surface area is also mod-

erate. The accumulation of Ti at the surface is typically accompanied 

by the formation of TiOx oxide due to the high affinity of Ti to O. 
 After next annealing at 400°C the amorphization is totally dominat-
ing in the four-layered stack. The corresponding XRD pattern (Fig. 1, 
b) shows no more diffraction peaks from crystalline f.c.c. Ni, only the 

blurred halo area from the amorphous phase is detected in the range of 

42–47°. The depth profile exhibits the development of the diffusion 

processes that have been detected at lower temperatures earlier: (a) the 

further intermixing of Ni and Ti layers in the bulk of the stack leading 

to the almost homogeneous elemental distribution and (b) the for-
mation of the Ni-free layer at the surface consisting of Ti phase only. 

  
e f 

Continuation of Fig. 2. 
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XRD pattern of the bi-layered stack after annealing at 400°C (Fig. 1, a) 
shows the similar diffraction pattern to the one obtained from the 

four-layered system annealed at 300°C. This indicates the first stage of 

diffusion-induced solid-state amorphization, which is confirmed by 

the intense metals’ intermixing at the corresponding chemical profile 

(Fig. 2, e). Therefore, upon annealing of both films up to 400°C, the 

solid-state amorphization process is taking place in a similar manner, 
however this process starts earlier in the stack with a smaller modula-
tion period. The smaller modulation period leads to the intensification 

of intermixing of the initial metal layers with earlier formation of the 

amorphous phase; however, it inhibits the development of the new in-
termetallic phases and their ordering. 
 One more fact that seems worth discussing is the shift of the signal 
from Si28

 specie which is seen for the bi-layered film annealed at the 

temperatures of 300°C and 400°°C. On the first glance, this may indi-
cate the breaking of the integrity of the film/substrate interface. 
However, the following factors compromise this assumption: (a) the 

complete absence of any peaks from silicide phases at XRD scans at 

these temperatures and (b) the similar slope of Si28
 signal at the inter-

face with Ti for as-deposited and annealed films. Therefore, the film-
substrate diffusion interaction is unlikely at these relatively low tem-
peratures of thermal treatment. The observed shift may rather be the 

instrumental artefact related to the limited depth resolution of the 

method when dealing with tens nm-thick materials. 
 The significant changes in diffraction patterns of both stacks (Fig. 
1) are detected after annealing at 500°C. A number of new diffraction 

peaks of moderate intensity in the range of 41–44° indicate that the 

amorphization stage observed at lower temperatures is followed by the 

stage of formation of new intermetallic NiTi compounds which is char-
acteristic for both films. It follows from the analysis of the peaks’ posi-
tions that the Ni2Ti phase is dominating at these temperatures; howev-
er, its co-existence along with a small amount of Ni3Ti intermetallic, 
austenitic B2 NiTi and martensitic B19′ NiTi phases cannot be exclud-
ed as well. Since there is no more trace of a blurred halo, it may be con-
cluded that the complete bulk amorphization of the bi-layered stack is 

passing and completes within the temperature range from 400°C to 

500°C. Notably, despite the earlier onset of intermixing and amor-
phization in a four-layered film, the similar intermetallic phases are 

formed in both stacks at 500°C. Moreover, it may be concluded from 

the analysis of the integral intensities of the diffraction reflections 

from intermetallic phases that their structure is less ordered in a film 

with a smaller modulation period. But the primary difference between 

the patterns of two stacks is the appearance of a clear peak at 47.75° 

for the case of four-layered film while for bi-layered stack this reflec-
tion is absent. The angular position of this reflection well corresponds 
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to the NiSi2 silicide. This is well agreed with the fact that the for-
mation of Ni silicides usually occurs at lower temperatures compared 

to the Ti ones [20]. 
 Next increase of annealing temperature for both stacks up to 600°C 

is accompanied with the growth of intermetallic phases and their or-
dering which is indicated in the increased relative integral intensity of 

their diffraction peaks at the XRD scans (Fig. 1). It should be also not-
ed the appearance of the NiSi2 peak of low intensity for the four-
layered stack. Therefore, the general behaviour of thermally-activated 

solid-state reactions in both stacks is similar, whereas the effect of 

modulation period is primarily evidenced in the shift of the tempera-
tures of phase transitions onset. The smaller modulation period leads 

to the intensification of the diffusion intermixing of the initial metal 
layers in the stack which results in the lower temperatures of the onset 

of solid-state amorphization and silicide formation. For high anneal-
ing temperatures such as 700°C, there is no more difference in the 

phase composition of stacks with altered modulation period. 
 The obtained XRD and SIMS experimental data are well-agreed and 

have contributed to reveal the effect of the modulation period on the 

temperature shift of structural changes. However, the applied anneal-
ing temperature step of 100°C is not enough for precise determination 

of the temperature ranges of detected solid-state reactions. It is worth 

noting that determination of the exact phase transition temperatures 

of thin films is challenging due to their small volume-to-surface ratio. 

In this work, we additionally employed the high-temperature four-
point probe measurement to monitor the phase transformations upon 

heating up to ≅ 520°C and cooling down in the vacuum conditions. The 

resulting in situ ρ(T) curves shown in Fig. 3, a, b demonstrates the 

changes of films’ electrical resistivity upon their heating and cooling. 
 The general behaviour of ρ(T) resistivity curve for both films upon 

their heating is similar: its value gradually increases from ≅ 8⋅10−4
 Ω⋅m 

at room temperature to ≅ 13⋅10−4
 Ω⋅m at 280°C and then decreases to 

≅ 3⋅10−4
 Ω⋅m at 520°C. The origin of these dependencies is foremost at-

tributed to the p-type semiconductor Si substrate for which an effect of 

majority carrier transition from extrinsic to intrinsic conduction 

(negative coefficient of resistance) is characteristic at elevated tem-
peratures [21]. 
 For ease of the analysis of structural transitions taking place in 

films as a function of annealing temperature, the high-temperature 

(350–500°C) part of the ρ(T) curves for both stacks are plotted in Fig. 

3, c. It consists of three regions with different slopes of the ρ(T) curve 

which correspond to the three stages of solid-state reactions. It follows 

from the complex analysis of the XRD, SIMS and resistivity data that 

these stages may be summarized as following: (a) the I stage is associ-
ated with the metals intermixing which results in the process of inter-
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facial amorphization, (b) the II stage corresponds to the bulk solid-
state amorphization and (c) the III stage is attributed to the diffusion-
induced formation of a new phases.  
 The effect of modulation period is evidenced in Fig. 3, c as the dis-
crepancy of the temperatures of structural transitions. These results 

fit well to the already discussed XRD and SIMS data confirming the 

shift of the temperatures of solid-state reactions by decreasing the 

modulation period. The horizontal plateau which corresponds to the 

bulk amorphization starts at 400°C for [Ni/Ti]x2 stack while for 

[Ni/Ti]x1 film its onset is shifted to 426°C. It is also worth mentioning 

that the resistivity test revealed (Fig. 3, c) that the amorphization pro-
cess occupies the same temperature range of 38°C for both stacks. The 

further increase of the temperature is accompanied with the gradual 
drop of resistivity which corresponds to the last stage of intermetallics 

formation and structure ordering. During cooling down, the [Ni/Ti]x2 

  
a b 

  
c d 

Fig. 3. Resistivity as a function of temperature ρ(T) for [Ni/Ti]x1 (a) and 

[Ni/Ti]x2 (b) stacks. Figures c and d show plotted resistivity of both films upon 

heating and cooling, respectively. 
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stack exhibits lower resistivity compared to the [Ni/Ti]x1 one (Fig. 3, 

d). It can be due to the formation of Ni silicides at the film–substrate 

interface which according to the XRD data are already formed in 

[Ni/Ti]x2 stack at 500°C (Fig. 1, b). It is acknowledged that the for-
mation of a thin Ni silicide layer leads to decrease of contact resistance 

between film and Si substrate [22]. 
 The sequence of thermally-induced solid-state reactions in Ni/Ti 
stacks studied by the combination of XRD, SIMS and four-point probe 

techniques is schematically summarized in Fig. 4. According to the 

SIMS and XRD data, diffusion intermixing and interface amorphization 

start at 100°C lower temperature in the system with smaller modulation 

period. The segregation of Ti atoms on the outer surface with likely 

formation of TiOx oxide occurs earlier for smaller modulation periods as 

well. After annealing at 400°C, the bulk amorphization is characteristic 

for the structure of [Ni/Ti]x2 stack, whereas, the interface amorphiza-
tion occurs in [Ni/Ti]x1 stack. The next rise of temperature to 500°C 

leads to the formation of NixTi intermetallic phases in both stacks. For 

the [Ni/Ti]x2 stack, this process is accompanied by the formation of NiSi2 

silicides due to the disruption of the film/substrate interface while for 

the [Ni/Ti]x2 stack it starts only after annealing at higher temperatures. 

4. CONCLUSIONS 

Recent research in developing new materials for MEMS and NEMS ap-
plications shows a strong demand in synthesis of NiTi thin films with 

predefined properties. A promising way for the formation of NiTi thin 

 

Fig. 4. Schematic illustration of the thermally-induced solid-state reactions 

in [Ni/Ti]x1 and [Ni/Ti]x2 stacks. 
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films with shape-memory effect is the thermally-induced intermixing 

of Ni and Ti in multilayered stacks composed of alternatively deposited 

metal layers. However, the relationship between modulation period 

and passing of the solid-state reactions remains unclear. Present study 

is devoted to figure out the effect of the modulation period of magne-
tron sputtered bi- and four-layered Ni/Ti films on the temperature in-
tervals of solid-state reactions during annealing in vacuum in the tem-
perature range from 200°C to 700°C. It follows from the results of 

XRD, SIMS and high-temperature four-point probe resistivity meas-
urements that the solid-state reactions in both stacks are taking place 

in a few stages: (i) layers intermixing and interfacial amorphization, 
(ii) solid-state bulk amorphization, and (iii) formation of intermetallic 

phases. For a smaller modulation period, a more intense intermixing 

between metal layers results in the Ti segregation at the outer surface 

after annealing at 300°C. The application of in-situ four-point probe 

resistivity technique has revealed for the first time that despite the 

bulk amorphization starts at lower temperature for the stack with 

smaller modulation period (the shift is about 26°C), the duration of 

this process in both stacks is similar (≅ 38°C). 
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