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ABSTRACT 
 

We have investigated the crystallization of amorphous equiatomic NiTi thin films sandwiched 

between two protective silicon nitride barrier films using optical, atomic force, and transmission 

electron microscopy. Crystallite nucleation occurs homogeneously inside the NiTi films because 

small composition shifts at the interfaces between NiTi and surrounding layers suppress 

heterogeneous nucleation at these interfaces. The crystallite growth rate is independent of film 

thickness for films thicker than 600 nm. Below 600 nm the growth rate decreases rapidly and has 

an apparent activation energy that increases with decreasing film thickness. We suggest that 

diffusion of hydrogen from the film interfaces may be responsible for this unusual behavior. 
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I. INTRODUCTION 

Shape memory alloy (SMA) thin films, especially those based on NiTi, have received 

considerable attention because of their application in actuators.1-5 They exhibit large reversible 

strains (up to several %) and can generate high stresses upon shape recovery as a result of a 

martensitic phase transformation.4 NiTi thin films that are sputter-deposited at room temperature 

are usually amorphous in their as-deposited state and need to be crystallized to obtain shape 

memory properties. It has been reported that the shape memory properties of NiTi alloys depend 

on their microstructure.6-8 Furthermore, the high degree of miniaturization of current and future 

actuator devices requires the use of very thin films. Hence it is important to understand how the 

crystallization kinetics and the resulting microstructure change with decreasing film thickness. 

More generally, size effects in the crystallization of amorphous materials are of both practical 

and theoretical interests. For instance, it has been demonstrated that the crystallization speed in 

thin layers of SbTe alloys used in optical recording applications is thickness dependent.9,10 

Theoretical studies addressing the effect of finite specimen size on phase transition kinetics 

predict slower rates of transformation in thin films.11,12 

The crystallization of NiTi has been characterized as polymorphic with continuous 

nucleation and growth throughout the crystallization process based on transmission electron 

microscopy (TEM) studies.13-15 Ramirez et al.15 have measured the activation energies for 

crystallite nucleation and growth in 200 nm amorphous NiTi films in a temperature range of 465 

oC to 515 oC by in-situ TEM; the values for 800 nm films at temperatures ranging from 410 oC to 

445 oC were reported recently by the present authors16 using a different technique. While the 

crystallite nucleation activation energies obtained in both studies are in excellent agreement (En 

= 5.88 eV (Ref. 15); En = (5.72±0.14) eV (Ref. 16)), the crystallite growth activation energies are 
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not (Eg = 4.20 eV (Ref. 15); Eg = (3.12±0.05) eV (Ref. 16)). The origin of this discrepancy 

remains unclear and motivates the current study. In this article we present a systematic study of 

the crystallization kinetics of amorphous NiTi thin films with an emphasis on how the crystallite 

growth velocity changes with film thickness. 

 

II. EXPERIMENT 

The samples used in this study consisted of NiTi thin films sandwiched between two silicon 

nitride coatings to prevent oxidation of the NiTi films during the crystallization heat treatments 

and to prevent reaction between NiTi and the underlying Si substrate. To prepare the samples, 

first an 80 nm thick Si3N4 layer was grown on top of a (100) Si substrate using an industrial low-

pressure chemical vapor deposition (LPCVD) process. Next, a NiTi layer was deposited by 

direct current co-sputtering from an equi-atomic NiTi and an elemental Ti target in a confocal 

magnetron configuration. The stack was finished with a 30 nm thick SiNx layer deposited using a 

plasma-enhanced chemical vapor deposition (PECVD) process. The PECVD SiNx film was 

deposited in a NEXX Cirrus-150 system; the precise deposition conditions are listed in Table I. 

All NiTi depositions were performed at room temperature. During the NiTi deposition process, 

the background pressure of the sputter chamber was less than 5x10-8 Torr; the pressure of the Ar 

working gas was 1.5 mTorr. The nominal target-substrate distance was 100 mm and the 

deposition rate was approximately 0.3 nm/s. During deposition, the substrates were rotated at a 

speed of 20 RPM to maintain film thickness and composition uniformity. The thickness of the 

NiTi layer was varied from 200 to 1500 nm. The composition of the films was measured to be 

50.5±0.2 at.%Ti using Rutherford Backscattering Spectrometry (RBS). X-ray diffraction (XRD) 
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and high-resolution transmission electron microscopy (HRTEM) confirmed that the structure of 

the as-deposited films was entirely amorphous.  

The samples were annealed isothermally in a furnace of a Perkin-Elmer Pyris 1 differential 

scanning calorimeter (DSC) in a flowing argon atmosphere. The samples were cut into small 4 

mm x 4 mm pieces to fit inside the DSC furnace (dimensions: 9 mm diameter x 4 mm height). 

The heating rate was 500 oC/min and there was no overshoot on approaching the final 

temperature. The temperature uncertainty during annealing was less than 0.1 oC. Samples were 

annealed isothermally at temperatures ranging from 415 oC to 445 oC. After annealing for a 

certain period of time, each sample was investigated using optical microscopy (Nikon Eclipse 

ME600L) or atomic force microscopy (AFM, Digital Instruments 3100). The sample was then 

returned to the furnace and annealed at the same temperature for an additional period of time, 

followed by observation under the microscope at the exact same location. This 

annealing/observation process was repeated until each sample was fully crystallized. The 

isothermal crystallite growth velocity was determined by measuring the increase in diameter of 

specific crystallites from subsequent micrographs. The densification that took place upon 

crystallization and the corresponding reduction in film thickness enabled direct observation of 

the crystallites using optical microscopy as light scattered from the crystallite boundaries. 

Moreover, the surface relief caused by the martensitic phase transformation inside the NiTi 

crystallites made it straightforward to distinguish the crystallites from the surrounding 

amorphous matrix. For the 200 nm films, the thickness reduction was too small to be observed 

optically and the martensitic transformation was suppressed. This made it difficult to observe the 

crystallites with optical microscopy and AFM in tapping mode was used instead. 
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Cross-section TEM specimens were prepared from partially crystallized samples by 

mechanical tripod polishing and ion beam milling. A JEOL 2010 FEG TEM operated at 200 kV 

was used to study the crystallite morphology. A VG-HB603 scanning transmission electron 

microscope (STEM) operated at 250 kV was used to perform energy dispersive x-ray 

spectroscopy (EDS) on the TEM specimens. 

 

III. RESULTS AND DISCUSSION 

Figure 1 shows a series of optical micrographs for an 800 nm sample annealed at 435°C. 

Figure 2 shows a series of AFM scans for a 200 nm sample annealed at 445 °C. While existing 

crystallites are growing, new crystallites appear at random locations in the untransformed region 

throughout the crystallization process. The isothermal growth velocity was determined by 

measuring the diameters of grains in subsequent micrographs. The isothermal growth velocity 

was observed to be time-independent for all film thicknesses and over the entire temperature 

range investigated. This time-independence implies that crystallite growth in these films is 

interface-controlled. The isothermal growth velocity at a given temperature, however, depends 

strongly on film thickness and decreases with decreasing film thickness. Figure 3 is an Arrhenius 

plot of the crystallite growth velocity for each of the film thicknesses considered in this study; 

the corresponding activation energies and pre-exponential factors are given in Table II. The 

crystallite growth velocity does not change measurably when the film thickness decreases from 

1500 nm to 800 nm, but it decreases rapidly with decreasing film thickness for thicknesses below 

600 nm. This decrease is not linear with temperature and results in an increase of the activation 

energy for crystallite growth as shown in Fig. 4. This result is unexpected because the activation 

energy of a purely interface-controlled process should not depend on film thickness. Thus, we 
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refer to the activation energies obtained from the data in Fig. 3 as apparent activation energies. 

Interestingly the growth activation energy measured by Ramirez et al.15 for 200 nm films is in 

good agreement with the data shown in Fig. 4. The question remains as to the precise origin of 

the thickness dependence; this issue will be addressed later in this paper. In addition to the 

growth study, the crystallite nucleation rates were measured for 400 nm and 800 nm samples 

using the approach described in reference.16 Unlike crystallite growth, the activation energies for 

steady-state nucleation and for the incubation were independent of film thickness within 

measurement accuracy. 

Figure 5 shows cross-sectional TEM images of partially crystallized films 200 nm and 800 

nm thick. The crystallites are disk shaped and are much larger laterally than they are thick. A 

closer look at the images shows that the crystallites have not yet reached the interface or surface 

of the film and that thin amorphous layers remain at these locations. This indicates that the 

crystallites nucleated inside the film; heterogeneous nucleation at the film-substrate interface and 

the film surface did not occur. The amorphous layer is approximately 15~20 nm at the NiTi-

PECVD SiNx interface, and approximately 10 nm at the NiTi-LPCVD Si3N4 interface, 

independent of the NiTi film thickness. At higher magnifications (not shown), another layer can 

be observed at the NiTi-PECVD SiNx interface. This layer is approximately 5 nm thick and 

consists mainly of titanium oxide as indicated by the composition analysis below. 

EDS line scans were performed on the amorphous layers at the interface with the silicon 

nitride coatings. Figures 6(a) and (b) show the EDS line scan across NiTi-LPCVD Si3N4 

interface and NiTi-PECVD SiNx interface, respectively. At both interfaces, the Ti signal rises 

earlier than the Ni signal when the STEM probe goes into the NiTi layer, indicating there is a Ti-

rich layer at the interface. From the line scan profile, the thickness of this Ti-rich layer is 
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estimated to be approximately 4 nm at the NiTi-PECVD SiNx interface and 1.5 nm at NiTi-

LPCVD Si3N4 interface. In Fig. 6(b), there is also a significant amount of oxygen at the PECVD 

SiNx interface, which suggests that the thin Ti-rich layer at this interface consists mainly of 

titanium oxide. If there is a Ti-rich region at the interface, there should also exist a region 

adjacent to it that is somewhat enriched in Ni. This enriched region is about 10~15 nm at the 

NiTi-PECVD SiNx interface, i.e., approximately three times the thickness of the titanium oxide 

and only a little less than the thickness of the amorphous layer. The Ni enriched layer is not 

obvious at NiTi-LPCVD Si3N4 interface because the Ti-rich layer is much thinner there and 

because of the noise in the EDS measurements. We argue here that the absence of heterogeneous 

nucleation in these films is a result of the subtle composition shift at these interfaces. The 

crystallization temperature of amorphous NiTi alloys increases with increasing Ni concentration 

around the near-equiatomic composition,17,18 making nucleation at the interface more difficult. 

Consequently, nucleation takes place inside the film. Because the nucleation rate is constant in 

time, nucleation is also homogeneous, i.e., there are no preferred sites that get exhausted. To 

verify this mechanism, two other experiments were conducted. In the first experiment, an 800 

nm film without PECVD SiNx capping layer was annealed in a vacuum furnace (~10-6 Torr 

vacuum level) to partially crystallize the film. Figure 7(a) shows a cross-sectional TEM image of 

this film. An EDS line scan was performed across the film surface of this TEM sample and is 

shown in Fig. 7(b). It is evident from both figures that the lack of SiNx capping layer resulted in 

significant oxidation of the film during the vacuum anneal. Rejection of Ni during the oxidation 

process produced a pronounced Ni-rich region with a width of approximately 50 nm below the 

oxide. It is clear from Fig. 7(a) that the crystallite morphology is identical to that shown in Fig. 5. 

In the second experiment, an 800 nm film was prepared with interfaces that were Ti rich. During 



 8

the deposition of the 800 nm NiTi layer, the power to the Ti gun was varied such that the first 

100 nm of NiTi at the LPCVD Si3N4 interface and the last 100 nm at the PECVD SiNx interface 

contained 52.0 at.%Ti, while the remainder of the film contained 50.5 at.%Ti as before. Cross-

sectional TEM on this sample (Fig. 8) shows that crystallites nucleate heterogeneously at the 

interfaces as is evidenced by the very different microstructure of the crystallized films. The 

change in nucleation behavior and ensuing film microstructure show the impact of subtle 

composition variations on the crystallization behavior of NiTi thin films. 

The morphology of the crystallites in Fig. 5 shows that the crystallites first grow in a three-

dimensional growth mode consuming most of the film thickness, and then transition to a two-

dimensional growth mode. This process results in the disk-shape grains observed in Fig. 1 and 

Fig. 2. EDS line scans were also performed across the growth front in cross-sectional TEM 

samples. Within the resolution of the STEM, no compositional changes could be detected across 

the crystalline-amorphous interface, in agreement with the observation that the crystallite growth 

velocity is time independent, i.e., crystallite growth is interface-controlled. According to Fig. 6, 

composition shifts only occur at the interfaces with the silicon nitride in regions that are still 

amorphous; the bulk of the film has the same composition as the as-deposited film. Hence, the 

film thickness dependence of the crystal growth velocity in Fig. 3 cannot be attributed to any 

measurable composition effects of the NiTi and must be due to another cause.  

Models in the literature that predict slower rates of transformation in thin films11,12 do not 

provide an explanation for the observed behavior. In fact, these models assume a fixed crystallite 

growth velocity for all sizes of the specimen and attribute the slower transformation to the 

homogenous nucleation and the transition from 3D to 2D growth observed in thin films. 

Comparing Fig. 5(a) and (b), it is evident that the crystallite growth front is more curved in 
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thinner films. The energy required to curve the growth front is on the order of κγVm where κ is 

the interface curvature, γ is the interface energy and Vm is the molar volume of NiTi. From Fig. 

5(a), the radius of curvature of growth front in the 200 nm film is approximately 50 nm. Taking γ 

≈ 1 J/m2 and Vm = NAΩ = 1.6x10-5 m3/mol for NiTi, gives κγVm = 0.32 kJ/mol = 3 meV, which is 

much too small to explain the change in activation energy with film thickness. Stress 

concentrations at the crystallite growth front associated with the densification of the NiTi upon 

transformation could afford another explanation. The strains associated with the crystallization 

are large and can result in significant stresses. A thickness-dependence could then arise from the 

curved geometry of the crystallite growth front. The energy associated with the transformation 

stresses is on the order of σεθVm, where εθ is the volume strain upon crystallization. For extreme 

values of stress and strain (i.e., σ = 1 GPa and εθ = 10%), the energy contribution is only 17 meV, 

again much too small to affect the activation energy significantly.  

A possible explanation for the observed thickness effect is the presence in the films of 

impurities that diffuse in from one or both of the interfaces. Even though we cannot exclude the 

effect of trace amounts of other elements such as oxygen, hydrogen seems to be the most likely 

candidate for this mechanism: It is well known that both PECVD and LPCVD silicon nitride 

contain hydrogen and that the hydrogen content of PECVD silicon nitride can be quite 

significant.19 These layers could very well act as sources of hydrogen. Hydrogen can also enter 

the NiTi films during the PECVD SiNx deposition process. Furthermore, it has been reported that 

hydrogen affects the crystallization process of amorphous NiTi alloys20 and that it retards 

crystallization of other Ti-containing metallic glasses.21 Hydrogen is not detected in an EDS 

measurement and would not show up in Fig. 6 and Fig. 7. To examine the viability of this 

hypothesis, the effect of hydrogen on crystallite growth was examined by introducing hydrogen 
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into the NiTi films. Films with a thickness of 400 nm were used in this experiment. After the 

NiTi deposition, the samples were treated with a hydrogen plasma in a Unaxis Shuttleline 

Inductive Coupled Plasma (ICP) reactor. The plasma treatment conditions are listed in Table III. 

After the treatment, a 30 nm PECVD SiNx coating was grown on top of the NiTi as before. XRD 

confirmed that the structure of the hydrogen-treated films was still amorphous. The treated 

samples underwent multiple crystallization anneals at 445 oC and the crystallite growth velocity 

was measured in the usual way. The crystallite growth velocity of hydrogen-treated samples was 

approximately 5x10-3±3x10-4 µm/s, i.e., about seven times smaller than for untreated samples 

(0.033±0.002 µm/s) that were cut from the same area of the substrate as the treated samples. 

While this experiment does not prove that hydrogen is the cause of the observed thickness effect, 

it is certainly consistent with the hypothesis. Because in this scenario hydrogen diffuses into the 

NiTi film from the interfaces, it is clear that the effect of hydrogen must increases with 

decreasing NiTi thickness. Consequently, this mechanism would cause the crystallite growth 

velocity to decrease with decreasing film thickness. The 1500 nm and 800 nm films show no 

measurable difference, which indicates that the hydrogen content in these films is too low to 

affect crystallite growth. The precise mechanism of how hydrogen affects the growth is not clear 

at this point and needs further investigation. 

  

IV. CONCLUSION 

(1) The crystallite growth velocity in amorphous NiTi thin films capped with PECVD SiNx 

layers shows a strong thickness dependence. In the temperature range of 415 to 445°C, 

the crystallite growth velocity decreases with film thickness for films thinner than 

600 nm and the apparent activation energy increases from 2.96 to 5.34 eV. 
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(2) Nucleation of crystallites occurs homogeneously inside the amorphous NiTi films 

because of small composition shifts at the interfaces between the NiTi and the 

surrounding layers. These composition shifts only occur in the immediate vicinity of the 

interfaces and cannot be used to explain the thickness dependence of growth velocity. 

(3) We suggest that impurities diffusing in from the interfaces are responsible for the 

apparent increase in crystallite growth activation energy, with hydrogen the most likely 

candidate. 
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TABLES 
 
 
 
 

TABLE I. Deposition conditions of PECVD-SiNx film. 
 

Base pressure (Torr) 1x10-7 
Working pressure (mTorr) 10 

Ar (sccm) 20 
N2 (sccm) 5.8 

SiH4 (sccm) 55 
Microwave (W) 265 

Deposition rate (Å/s) 1.1 
 
 
 
 

TABLE II. The Arrhenius parameters for the crystallite growth velocity u of NiTi films. 
 

Film thickness (nm) Ln(u0) (u0 in µms-1) Eg (eV) 
200 82.84±3.35 5.34±0.20 
400 66.07±4.69 4.29±0.29 
600 48.97±1.11 3.23±0.07 
800 47.25±0.89 3.12±0.05 
1500 44.68±1.16 2.96±0.07 

 
 
 

 
TABLE III. H plasma treatment conditions. 

 
Base pressure (Torr) 2x10-6 

H2 Working pressure (mTorr) 5 
ICP power (W) 800 
RF power (W) 100 

DC Voltages (V) 125 
Stage temperature (oC) 25 

Time (sec) 30 
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LIST OF FIGURE CAPTIONS 
 
 
FIG. 1. Optical micrographs of an 800 nm sample subjected to multiple annealing steps at 435 oC: 

(a) 10 mins; (b) 13 mins; (c) 16 mins. The times are total annealing time. Crystals have been 

demarcated with a white line to guide the eye. 

 

FIG. 2. AFM scans (dimension: 100x100 µm) of a 200 nm sample subjected to multiple 

annealing steps at 445 oC: (a) 5 mins; (b) 7 mins; (c) 9 mins. The times are total annealing time. 

 

FIG. 3. Crystal growth velocity as a function of temperature. 

 

FIG. 4. Apparent activation energy for crystal growth as a function of NiTi film thickness. 

 

FIG. 5. Cross-sectional TEM images of partially crystallized NiTi films: (a) film thickness 200 

nm; (b) film thickness 800 nm. 

 

FIG. 6. (a) EDS line scan across LPCVD Si3N4/NiTi interface; (b) EDS line can across PECVD 

SiNx/NiTi interface. 

 

FIG. 7.  (a) Cross-sectional TEM image of a partially crystallized 800 nm film without PECVD 

SiNx capping layer; (b) EDS line scan across the film surface in (a). 
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FIG. 8. Cross-sectional TEM images of 800 nm film with the first 100 nm and the last 100 nm of 

NiTi to be 52.0 at.%Ti, while the remainder of the film remained 50.5 at.%Ti: (a) Nucleation 

occurs at film surface; (b) Two heterogeneously nucleated grains impinged together upon growth. 
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FIG. 1. Optical micrographs of an 800 nm sample subjected to multiple annealing steps at 435 oC: 

(a) 10 mins; (b) 13 mins; (c) 16 mins. The times are total annealing time. Crystals have been 

demarcated with a white line to guide the eye. 
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FIG. 2. AFM scans (dimension: 100x100 µm) of a 200 nm sample subjected to multiple 

annealing steps at 445 oC: (a) 5 mins; (b) 7 mins; (c) 9 mins. The times are total annealing time. 
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FIG. 3. Crystal growth velocity as a function of temperature. 
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FIG. 4. Apparent activation energy for crystal growth as a function of NiTi film thickness. 
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FIG. 5. Cross-sectional TEM images of partially crystallized NiTi films: (a) film thickness 200 

nm; (b) film thickness 800 nm. 
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FIG. 6. (a) EDS line scan across LPCVD Si3N4/NiTi interface; (b) EDS line can across PECVD 

SiNx/NiTi interface. 
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FIG. 7.  (a) Cross-sectional TEM image of a partially crystallized 800 nm film without PECVD 

SiNx capping layer; (b) EDS line scan across the film surface in (a). 
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FIG. 8. Cross-sectional TEM images of 800 nm film with the first 100 nm and the last 100 nm of 

NiTi to be 52.0 at.%Ti, while the remainder of the film remained 50.5 at.%Ti: (a) Nucleation 

occurs at film surface; (b) Two heterogeneously nucleated grains impinged together upon growth. 


