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Abstract 

 

Tungsten-titanium (WTi) alloys are important barrier materials in microelectronic devices. 

Thus the adhesion of WTi to silicate glass substrates influences the reliability of these 

devices. One factor that affects the adhesion of barrier layers is thermal treatments during 

and after fabrication. To address the impact of annealing, WTi films deposited on silicate 

glass substrates were subjected to different annealing treatments. The stress development in 

the WTi film has been monitored with wafer curvature and X-ray diffraction. Quantitative 

measurements of the adhesion energies were performed using scratch testing to induce 

interface delamination. Imaging with atomic force microscopy provided the dimensions of 

the buckles to quantify adhesion energies. Focused ion beam cross-sections were used to 

verify the failing interfaces and to inspect any deformation in the film and the substrate 

caused by scratch testing. It was found that as the annealing duration increased, the residual 

compressive stresses in the film and the adhesion energy increased. 

Keywords: adhesion, thin films, scratch test, heat treatment, film stress 
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1. Introduction 

 

Barrier layers are an important part of every integrated circuit. In metal-silicon oxide 

interfaces barrier layers provide the device with chemical as well as mechanical stability 

[1]. The chemical stability of the thin film system is meant as the prevention of diffusion of 

Si from the substrate into the conductive metal creating silicides, which significantly 

increases the electrical resistance. It is important that the chosen barrier material has a low 

reactivity with the conductive metallization and the underlying substrate, with thermal 

stability at high temperatures. A variety of studies have been conducted on this topic over 

the years following the advances of the microelectronics industry. Transition metals like Cr, 

Ti, Mo, Nb, Ta and W, are very suitable materials for conductive diffusion barrier layers 

and several of these films have been investigated in the relevant temperature ranges that 

these films experience during production an d service [2]. It was found that all of these 

materials were chemically stable up to 400°C for 1 hour.  

A frequently used diffusion barrier for copper and aluminum metallizations is tungsten 

titanium (WTi) which exhibits good temperature stability and adhesion [3,4]. WTi is a solid 

solution of W and Ti with W usually being the major component and varying minor 

amounts of Ti. Several studies on the thermal stability of WTi have been conducted to 

determine the failure temperature of the film, where copper-silicide (Cu3Si) start to form. 

Barrier failure was discovered at temperatures between 700-800°C for different annealing 

times. Fugger et al [5] investigated the stability of the WTi barrier layer depending on the 

annealing times with respect to the copper layer on top. It was reported that the WTi barrier 

layer remained stable up to 600°C for four hours with no copper-silicide (Cu3Si) formation 

occurring, although a segregation of Ti into the copper film was observed. The failure 

temperature was found at 650°C after 4 hours of annealing with the formation of Cu3Si. No 

Ti segregation towards the copper film was found when annealing at 400°C for 8 hours. 

Völker et al [6] found that the segregation of Ti formed a few atom layers of Ti between the 

doped silicate glass substrate and the WTi layer which promoted the adhesion of the 

respective layer when annealing the sample to 400°C for 1 hour. This suggests that the 

adhesion of the WTi film to the substrate could be influenced by the annealing temperature 

and time. 
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Mechanical stability is mainly governed by the adhesion of the barrier layer to the 

conductive metallization and the substrate [1]. Several adhesion testing methods have been 

successful in quantitatively measuring the adhesion of thin films [7,8]. Common techniques 

include four point bending (4PB)  [6,9–12], microcantilever tests [13,14], nanoindentation 

[15–18] and scratch tests [19–22]. Four point bending and microcantilever tests require 

very elaborate sample preparation and testing procedures which may also change the 

properties of the interface in question. Nanoindentation and scratch testing, on the other 

hand, allow the samples to be tested in the desired as-produced condition.  

The adhesion of WTi to commonly used substrates like silicon or silicon oxides and its 

dependence on several parameters such as composition or film thickness, have also been 

investigated using several different methods [6,9,23,24]. In order to quantitatively measure 

the adhesion of the WTi film the scratch test has been utilized. This mechanical testing 

technique which induces compressive stress into the film causing delamination in different 

forms [19–21,25]. Scratch testing has been successful in inducing buckles in compressively 

stressed film in a thickness range of a few hundred nanometers [22,26].  

The buckles produced with the scratch test can be evaluated by the model proposed by 

Hutchinson and Suo [27]. In the case of a hard metal film, like WTi, and a rigid glass 

substrate, very little plasticity is involved in the buckling process which allows for an 

elastic approximation. The stresses induced in the film and the associated adhesion energy 

can be calculated from the buckle height, δ, and the half buckle width, b, the film thickness, 

h, and the elastic properties of the film (elastic modulus, E, and Poisson’s ratio, ν). The 

critical buckling stress, σb of the interface and the driving stress, σd in the film are 

calculated using equations (1) and (2), 

   
   

        
                                                   (1) 

      
 

 
                                                            (2) 

The mixed mode adhesion energy, Γ Ψ , which represents the practical work of adhesion, 

is given by equation (3) 

  Ψ   
       

  
                                             (3) 
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In this study the adhesion of the WTi barrier layer to a silicate glass substrate is 

measured as a function of the annealing time. The annealing temperature was set at 400°C 

because the barrier layer experiences this annealing temperature for different time periods 

during production. The information about how the adhesion is influenced by the annealing 

time will allow for the optimization of the annealing time in order to achieve the best 

interfacial strength for the WTi-Borophosphosilicate glass interface. 

 

 

2. Experiment 
 

The studied samples were provided by Infineon Technologies Austria AG. They 

consisted of 725 µm thick silicon wafers with a diameter of 200 mm, coated with a 

dielectric layer and a metal barrier film. In the first deposition step, 800 nm of 

Borophosphosilicate glass (BPSG) was deposited on the wafers using plasma enhanced 

chemical vapor deposition followed by annealing at 900°C. The 300 nm thick Tungsten-

Titanium (WTi) barrier layer film was sputter deposited onto the BPSG where the W film 

contained 20 at% of Ti, which is a common composition of this barrier layer for modern 

microelectronic devices. The WTi films were deposited under conditions that induced a 

compressive residual stress of about 1.5 GPa measured by wafer bow. 

 Equally sized pieces (1x1.5cm) of the wafers were annealed to 400°C using a heating 

rate of 10°C/min and the temperature was held for 30 min, 45 min, 1 and 2 hours. The 

annealing treatment was conducted in a vacuum chamber using a k-Space Associates Multi-

Beam Optical Sensor (MOS) wafer curvature system in order to monitor the stress 

evolution in-situ during annealing. The chamber operated at a pressure of about 10
-4

 mbar. 

Additionally, the stress in the WTi film has been measured for one sample heated in-situ to 

400°C with a hold time of 1 hour with synchrotron X-ray diffraction (XRD). This 

experiment was carried out on the KMC-2 [28] beamline at BESSY II, Helmholtz-Zentrum 

Berlin für Materialien und Energie (HZB) using monochromatic radiation with a 

wavelength of 1.5504Å (equivalent to Cu-Kα1, 8048 eV),  a spot size of 0.3 mm diameter 

and a Bruker VÅNTEC 2000 area detector operated with an exposure time of 7 seconds. 

The film stresses were determined utilizing the sin²ψ method [29] by measuring the shift in 

the WTi (110) peak which has been observed before [5,30,31]. The in-situ heating was 

conducted with an Anton Paar DHS 1100 heating device with a graphite dome under a 
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residual air pressure of 10 mbar. The sample was heated with an effective rate of 

12.5°C/min from room temperature up to 400°C. The temperature was increased in steps of 

25°C, with a hold time of 2 minutes to record the peak position. During the subsequent hold 

time of 1 hour at 400°C the peak position were recorded in 10 minute intervals. Afterwards, 

the sample was cooled down to 50°C in the same manner as the heating, again monitoring 

the peak position at each 25°C step. However, the times to reach these temperatures steps 

increased below 100°C due to the residual heat in the device, resulting in omitting the last 

temperature step from 50°C to 25°C.  

In order to measure the film stress, it was necessary to experimentally determine the X-

ray elastic constant 1/2s2 of the WTi solid solution, which connects the lattice strain to the 

stress in the film. For this purpose, a procedure proposed by Eiper et al [32] was used and a 

new wafer was produced without the BPSG layer between the WTi and the Si substrate. 

This method determines the lattice strain dψhkl for different orientations of the film via the 

peak shift relative to the unstressed peak position. The macroscopic stress σ11 in the film is 

calculated from the curvature R of the silicon substrate, which is determined using the 

silicon (400) peak that lies perpendicular to the sample surface, and the Stoney formula 

[33],  

      
  

       

  
 

  

 

 
            (4) 

where hs is the thickness of the substrate, hf  is the thickness of the film, ES is the elastic 

modulus and νS is the Poisson’s ration of the Si substrate. Following this, the sin²ψ 

equation [29], 

   
   

    ² 
 

 

 
  

     
   

                    (5) 

with d0hkl being the unstressed lattice spacing for the peak lattice plane family hkl and ψ 

the angle between the sample’s surface normal and the crystal planes, is solved for the X-

ray elastic constant 1/2s2hkl. It should be noted, that this constant depends on the peak hkl 

used for stress analysis due to the possibility of crystallographic elastic anisotropy. 

Additionally the film stresses were measured using the sin²ψ method in a laboratory XRD 

after each annealing treatment in the wafer curvature vacuum chamber. The laboratory 

instrument was a Rigaku SmartLab 5-Axis X-ray diffractometer equipped with Cu-Kα 
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radiation, parabolic multilayer mirror incident optics, a graphite diffracted beam 

monochromator and a scintillation counter.  

The scratch test experiments were performed on a Keysight G200 nanoindenter using a 

Berkovich tip. Both the sharp edge and the broad face of the pyramidal tip were utilized as 

the scratch front in order to induce different stress fields during scratching [19–21]. The 

length of all scratches was 500 µm and the distance between the scratches was set to 500 

µm to avoid interaction with other scratches or the induced delaminations. The maximum 

load range was between 100-500 mN with a scratch velocity of 30 µm/s and at least five 

scratches were made for each maximum load and tip orientation. A Zeiss LEO 1540 XP 

focused ion beam (FIB) microscope was used to examine the failed interfaces and any 

deformation due to the mechanical loading. To measure the buckle dimensions a Veeco 

Dimension DI3000 atomic force microscope (AFM) was used. The buckle measurements 

were taken from the AFM height images using Gwyddion software [34] and the film 

stresses and adhesion energy were calculated using the Hutchinson and Suo model [27] 

using Eqs. (1-3). The elastic modulus of the as-deposited and the annealed WTi films was 

determined from nanoindentation experiments using the continuous stiffness method and a 

well-calibrated, sharp Berkovich tip (not the same tip used for the scratching experiments). 

The modulus was measured to be EWTi = 171.8 GPa for the as-deposited film, at an 

indentation depth of about 30 nm which corresponds to 10% of the total film thickness. For 

the annealed WTi films no change in the elastic modulus was observed within the margin 

of error (Table I). The Poisson’s ratio of WTi was determined using the rule of mixtures 

with νW = 0.28 and νTi = 0.32, which yields νWTi=0.288.  

In order to investigate possible changes of the interface chemistry the WTi film was 

removed from the BPSG substrate using Polyurethane Protective Tape with an acryl based 

adhesive. The substrate was then analyzed with Auger electron spectroscopy (AES) using a 

PHI 4700 Thin Film Analyzer with a scanned area of 20 x 20 µm.  

 

 

 

 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 

 

3. Results and Discussion 
 

Wafer curvature and with in-situ XRD measurements revealed an increasing change in 

residual stress in the samples towards more compression with increasing annealing times. 

Results from wafer curvature measurements are presented in Figure 1a. The longer the hold 

time at 400°C the more compressively stressed the films became. After 30 minutes of 

annealing the WTi film stress increased by about 4%, after one hour by 11% and by 22% 

after two hours compared to the original film stress. The increased stress remained after the 

cooling to room temperature. The same behavior was also observed in the in-situ XRD 

heating measurement for a hold time of 1 hour shown in Figure 1b. The absolute values of 

the film stress differed from those measured with wafer curvature since the curvature of the 

whole sample system including the BPSG and Si was measured, resulting in lower overall 

stress values [35]. For the in-situ XRD heating experiments the film behavior was 

qualitatively similar to the wafer curvature measurements. The compressive stress in the 

WTi film also increased during the hold time and remained about 10% higher compared to 

before annealing, which illustrates that the stress develops mainly in the WTi film. The 

magnitude of the error bars in Figure 1b may be a result of thermal fluctuations during the 

measurement and the slight texture in the WTi film. The increase of compressive stress 

during the hold time may help to induce delaminations during scratching. It is possible that 

the increase in stress originated from the segregation of the Ti to the interface, which in 

turn also may lead to an increase of adhesion due to the [6]. 

The scratch tests resulted in buckling of the WTi film at the sides of the scratch traces. 

The moving indenter tip acted as an activator for buckling by producing an initial 

delamination on the side of the scratch trace and the delamination grows away from the 

trace due to the residual stress in the film [22]. 

The scratches on the as-deposited sample with maximum loads of 300 – 500 mN 

exhibited buckles using both indenter tip orientations (sharp and broad). For maximum 

loads of 300 mN each scratch produced an average of 3 buckles, at 400 mN 5 buckles per 

scratch were observed and at 500 mN more than 10 buckles were produced utilizing the 

sharp side of the tip. An example is shown in Figure 2a. When using the broad side of the 

tip similar amounts of buckles were produced at the same loads, however, some of the 
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buckles were spalled off the surface and through thickness cracking of the film increasingly 

occurred at loads of 400 mN and higher [19–21].  

For the sample annealed at 400°C for 30 minutes the only scratches performed using 

the broad side of the tip were able cause interface separation. At maximum loads of 400 

and 500 mN, scratches produced an average of about 2 to 3 buckles growing outward from 

the trace (Figure 2b). Similar to the sample with 30 min of annealing time, the scratches on 

the sample annealed for 45 min resulted in buckles with both tip orientations, at maximum 

loads of 400 and 500 mN. At loads of 400 mN fewer buckles were produced than at 500 

mN, where 2 to 3 buckles formed per scratch. After annealing the sample for 1 hour, the 

scratches made with the sharp and broad side of the tip produced buckles at maximum 

loads of 400 and 500 mN (Figure 2c). The buckles appeared to develop at random sites 

along the trace with no clear connection to maximum load or scratch distance. The 

annealing treatment of 2 hours resulted in a similar number and distribution of buckles as 

the 1 hour annealing. 

The role of the tip orientation changed with each annealing duration, however, on 

average the broad side of the tip seemed to be more efficient at inducing buckling, even 

though this orientation can be accompanied by more spallation. Blunting of the tip is also a 

factor, since the tip was exposed to a significant amount of wear during scratch testing and 

can also influence the buckle development [19–21]. 

Generally, the amount of buckles significantly decreased as a result of the increasing 

annealing times and qualitatively suggests an increase in the adhesion energy. In order to 

quantitatively evaluate the adhesion of the film to the substrate the buckles were imaged 

with the AFM and the heights and widths measured. Each buckle was measured in three 

different places to ensure good statistics. When comparing the buckle dimensions for the 

different annealing treatments it can clearly be seen that the buckle sizes decreased with 

increased annealing times shown in Figure 2d, where the AFM profiles illustrate the 

decrease in buckle width and height. This behavior is another qualitative indicator of 

increase of the adhesion energy due to the annealing treatments.  

Even though the film stresses increased due to the annealing, the buckle dimensions 

decreased. However, according to Eq. 1 and 2 the buckles should become larger if the 

adhesion energy is constant. The stresses of the WTi film measured with XRD and 

calculated from the buckle dimensions using Eqn. 2 are shown in Figure 3 and illustrate 
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that the compressive stresses increased with longer annealing times. The values of film 

stress compare well up to 45 min of annealing time. For longer hold times the calculated 

values start to deviate from the measured values, when the buckles become much smaller. 

The deviation is most likely due to the fact that the calculation is very sensitive to the 

measured buckle dimension and slight errors can change the result. The fact that the 

buckles actually become smaller despite the increasing film stress can be attributed to an 

increased adhesion energy. However, as shown in Figure 3, the errors of the measured and 

the calculated film stresses for 1 and 2 hours of annealing overlap at the higher end and 

showed the same trend.  

 

The FIB cross-sections in Figure 4 demonstrate the interface separation for a buckle 

growing outward from the scratch trace. It is important to measure the profile of the buckles 

at a place far enough away from the trace, as illustrated in Figure 2 (white lines).  This is 

the equilibrium region of the buckle where the height and width are constant with respect to 

the delamination growth direction and are more representative of the interface behavior. If 

the buckle is measured too close to the scratch trace the interfacial crack path might still be 

connected to the trace due to plastic deformation of the film and substrate. The 

measurements of the height and width of the buckles were taken sufficiently far away from 

the trace in order to avoid the areas where the buckle size could have been affected by 

plastic deformation from the scratch trace.  

The film stress and mixed mode adhesion energy Γ Ψ  were calculated from the 

measured buckle dimensions, the film thickness and elastic properties (Table I) using the 

model by Hutchinson and Suo (Eqs. 1-3) [27]. The buckles were modeled as spontaneous 

straight sided buckles. The results for the adhesion energies are shown in Figure 5. A 

significant increase in the adhesion energy after annealing was determined from the 

respective buckles. The adhesion energy of the as-deposited film was 2.7 J/m² and 

increased continuously to 4.7 J/m² after two hours of annealing at 400°C. The adhesion 

energy for the as-deposited WTi film is similar to that of pure tungsten on glasslike 

substrates, which is know from literature to be in the range of 2.5-3 J/m² [9,13,15,22]. This 

indicates that the Ti content in the alloy does not significantly contribute to the adhesion of 

the system in the as-deposited state. The annealing treatment increased the adhesion of the 

system most likely due to the segregation of Ti from the WTi solid solution towards the 
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interface, creating a titanium film that is only a few atom layers thick and promotes 

adhesion [6,9]. This process takes more than 30 minutes since a significant increase in 

adhesion was not detected within the margin of error. However, the adhesion of the WTi 

film increased continuously with increasing annealing time up to 2 hours. Longer annealing 

times have not yet been investigated, however, from Figure 5 it appears as though the 

adhesion energy reached a plateau around 4.7 J/m² since the difference between the 1 and 2 

hour annealing times is only ~0.2 J/m², which is basically the resolution of the 

measurement. It should be noted that, longer annealing times would also increase the 

production time and costs of devices and can also have a negative impact on barrier 

stability.  

The mixed mode adhesion energy calculated for the 1 and 2 hour annealing times 

compare well to the values measured from other methods for similar samples. For instance, 

4PB performed by Völker et al [6,9] calculated an adhesion energy of 4.9-6 J/m² and 

microcantilever experiments by Matoy et al [13] which resulted in adhesion energies of 4.3 

J/m². Fugger et al [5] detected a further increase of Ti segregation towards the copper above 

the WTi layer up to 16 hours of annealing at 600°C. Völker et al [9] investigated the effect 

of different contents of Ti (15at%-25at%) in the WTi alloy on adhesion and found no 

significant change in adhesion energy between the different films chemistries. This would 

further suggest that a saturation of Ti segregation at the BPSG interface is reached after 

more than two hours of annealing at 400°C when the adhesion of the WTi film is equal to 

pure Ti of about 6 J/m² [9].  

The AES analysis of the BPSG surface revealed that Ti was present on all samples and 

W was not detected on the BPSG surface after the removal of the WTi film with the tape. A 

quantification of the Ti amount was not possible due to the overlap of Ti, TiOx and TiSi2 

Auger peaks.  

 

4. Conclusion 

The current study illustrated how the duration of annealing treatments affect the film stress 

and the adhesion of a WTi barrier layer alloy to BPSG. The stress in the WTi film became 

increasingly more compressive the longer it was annealed at 400°C, demonstrated by in-

situ wafer curvature and synchrotron XRD experiments. Through the use of scratch induced 

delaminations the adhesion energies of the WTi barrier layer and BPSG substrate could be 
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quantitatively measured. The buckle size and amount decreased significantly as the 

annealing times were increased and the calculated film stresses were in good agreement 

with the stresses measured with laboratory XRD. From the buckle dimensions the adhesion 

energy of the WTi film to the BPSG substrate was calculated and showed the increase of 

interface strength with annealing time, revealing a plateau between 1 and 2 hours annealing 

time. The increase of film stress and adhesion is believed to be due to the segregation of Ti 

from the film, which changes the interface chemistry. 
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Table I: Measured elastic moduli (in GPa) of the WTi films after different annealing 

treatments. 

Figure 1: The development of stress in the sample system and the film, measured by (a) wafer 

curvature for the samples annealed for 30 min, 1 hour and 2 hours and (b) by in-situ XRD for 

a sample annealed for 1 hour. The solid symbols in (a) represent the heating and the open 

symbols represent the cooling cycle. The temperature axis of the 30 min and the 2 hour 

annealed sample was shifted by –5°C and +5°C, respectively, to avoid the overlap of the 

curves. Both measurement methods reveal that the compressive stress in the film increased as 

a function of the hold time at 400°C. 

Figure 2: AFM height images of the scratch-induced buckles produced on the (a) as-deposited 

and films annealed at 400°C for (b) 30 min and (c) one hour with the arrows indicating the 

scratch direction. All buckles shown here were produced from scratches with a maximum load 

of 400 mN (scratch direction indicated by white arrows). The height profiles of these buckles 

indicated by the white lines in (a-c) are shown in (d) with the required measurements for the 

adhesion calculation depicted. A clear decrease in buckle height and width can be observed 

with increasing annealing time. 

Figure 3: Film stress of the as-deposited and the annealed samples measured by XRD and 

calculated from Eqn 2. An increase of compressive stress due to annealing time can be seen 

for the measured and the calculated film stress values. 

Figure 4: FIB cross-section of a buckle initiated from a scratch trace, made with a maximum 

load of 400 mN on a sample annealed for 30 minutes. A clear interface separation between the 

BPSG and the WTi film can be seen. 

Figure 5: The mixed mode adhesion energies, Γ Ψ , for the as-deposited and the annealed 

WTi films. The adhesion energy increases continuously with the annealing time up to 

approximately 1-2 hours.  
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Table I: Measured elastic moduli (in GPa) of the WTi films after different annealing 

treatments. 

As-deposited 400°C/30 min 400°C/45 min 400°C/1 hr 400°C/2 hr 

171.8±11  173.2±27  179.8±26  169.5±16  180.1±14  
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Figure 5 
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Highlights 

 

 Tungsten-Titanium films on silicate glass substrate were annealed at 400°C for different 

durations between 30 minutes and 2 hours. 

 Wafer curvature and X-ray diffraction measured an increase in compressive stress due to 

increasing annealing time. 

 Scratch testing was used to induce buckles in the film and calculate the adhesion energies 

of the film from their dimensions. 

 The adhesion energy increased with increasing annealing times to about double the value 

compared to the as-deposited film. 


