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Solid-state compound phase formation of TiSi, thin

films under stress

C. Theron®, N. Mokoena’* and O.M. Ndwandwe""

Different stress situations were created on an Si(100) wafer by
depositing either Si,N, or SiO, thin films on the back side. Si;N, has
a different thermal expansion coefficient from that of SiO,. A thin
Ti film was then deposited on the front side of the Si wafer. The
structures were then annealed at various high temperatures for
different periods of time. Real-time Rutherford backscattering
spectrometry, as well as sample curvature measurements, were
used to characterise the samples. Different reaction rates were found
between Si,N,-deposited samples and SiO,-deposited samples.
Key words: stress, thin films, real-time Rutherford backscattering
spectrometry, phase formation, TiSi,, diffusion

Introduction

Stress is always present in thin films due to film deposition
parameters. These parameters include the type of film that has
been deposited, the rate of deposition, the method that was used
to deposit the films, and the temperature of the substrate during
deposition.! According to Yu,” stress in thin films may be divided
into: thermal stress, due to the difference in thermal expansion
coefficients of the film and the substrate; or intrinsic stress,
which results from the growth and the structure of the films. For
film thicknesses (t,) that are much smaller than substrate thick-
nesses (t), Stoney’s equation is generally used:'

2
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where E;is Young’s modulus, v, is Poisson’s ratio of the substrate,
and Rand R, are the radii of curvature of the film before and after
film deposition, respectively.

TiSi, is of great technological importance to the microelectronics
industry and has widespread use in the fabrication of metal
oxide semiconductor field effect transistors (MOSFET). TiSi, is
a popular silicide because it has the lowest resistivity of all
silicides.** This fact has resulted in many studies being done on
the reaction between Ti and Si thin films.® Reports concerning
first phase formation and phase formation sequence in the Ti-Si
binary system vary. Some investigators have reported that TiSi,
is the only phase found at temperatures greater than 500°C.
Other studies show that all the Ti is converted to TiSi, before
the formation of TiSi, at temperatures between 450°C and
700°C.*

Some investigators have performed rapid thermal annealing
(RTA) studies and have found that TiSi first forms at tempera-
tures between 450°C and 600°C.” There are however other inves-
tigators who reported Ti;Si, as a first phase during RTA studies."
In some investigations, TiSi grew simultaneously with TiSi,,
Ti,Si, and TiSi, at temperatures between 400°C and 600°C."
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Methods

Samples with the structures SiO,/5i<100> or Si,N,/Si<100>,
were chemically cleaned following a simple sequence. The fol-
lowing procedure was used: Samples were dipped, in sequence,
in methanol, acetone, trichloroethylene, acetone and methanol,
and then rinsed in ionised water. Finally, the samples were
etched in a 20% solution of hydrofluoric acid to remove any
native oxide layer that may be present. The role of the back side
substrates, S50, and 5i,N,, was to induce stress of different types
during annealing. The samples wereloaded in an ultra-high vac-
uum system where Ti of various thicknesses was deposited on the
front side of the substrates. The vacuum during deposition was
better than 6 X 107 torr. As a precaution, the samples were kept
in a vacuum overnight to allow them to cool. Tiis known to easily
oxidise in air, especially if its temperature is elevated. The result-
ing structures, Si0,/Si<100>/Ti or S5i,N,/Si<100>/Ti, were then
annealed in a furnace at temperatures ranging from room
temperature to 650°C. Ti was also deposited on Si<100> without
abackside layer, under the same condition as the other samples.

In order to measure stress, sample thicknesses were accurately
determined. First we used Rutherford backscattering spectrometry
(RBS) in order to find layer thicknesses as well as to check
whether the correct stoichiometry, in the case of back side SiO,
and Si;N,, had been obtained during sample preparation. A
screw gauge was then used to determine wafer thickness.

Results and discussion

Rutherford backscattering spectrometry results for the front
side of the wafer showed that the thickness of the Ti was 550 A .
The thickness of the wafer, measured by means of a screw gauge,
was found to be 6 230 000 A.

From the relationship expressing change in length (AL) with
change in temperature (AT)

o AL )
T LAT (2)

where L is the length of the film, we can express the ratio of the
change in length of the film and the substrate in terms of expansion
coefficients,

AL, _o
AL, «,

(3)

(since L, = L,). Results of such a calculation for the different
sample categories in our experiment are summarised in Table 1.
A ratio of less than one implies that a compressive stress will

Table 1. Thermal expansion coefficient ratios for different samples, based on
Equations 2 and 3. A ratio less than 1 indicates compressive stress and a ratio
greater than 1 indicates tensile stress.

Sample AL, (deg) AL, (deg) Elements and Ratios
category (silicon substrate) compounds (see Eq. 2)
A 1.4x10° 25x10™ ALy / Algg, 5.60
B 1.4x10° 1.7x10° ALy / Alggy, 0.82
C 1.4 x10° 43x10° Alg / AL, 0.33
D 1.4x107° 5.3x10° Alg / Al;g, 0.27
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Table 2. Calculated values of R, (the sample radius before deposition of the front-side Ti film) and R, (the effective radius), and calculated
values of stress for different categories of samples.
Category L (um) b (A) =(1/2t) R, (m) R, (m) R, (m) o, (GPa) o, (MPa)
A 3399 -512.5 311.5x10° —40.34 -28.21 -93.8 -2.8 -0.74
B 4 481 3201.5 311.5x107° 11.47 7.84 24.8 10.5 2.79
C 4 828 41715 311.5x10° 8.022 6.98 53.8 4.9 1.29
develop on the front side of the sample upon heating (a ratio  (a)
bigger than one implies a tensile stress will develop). ds
Equation 4" was used to calculate the stress in the deposited ds
film: . S
) «~— L —F
o = E. | d; 8Ab 1)
T 1-v, J6d, L
where
(b)
8Ab 1 R,— R
5 = =90 -1 (5) b 7
Lot RR, /8
and Ab = b—-b,, thus the bow is related to the experimental radius L
(Ry), bis its value after deposition and b, the value before deposi-
R R

tion (Fig. 1).
L2
8b
The stressis calculated on the entire sample since it has a depth

of focus in the substrate (04(z)). The stress depth is calculated
using the following equation:

E
O-s[ (Z ) = ( : J & 4
1=V, )14

where z = 0 in the middle of the substrate and z =
[1/2(623)] =311.5 at the front side deposited with Ti.

Stress was calculated using Stoney’s equation, as given by
Equation 1, and the value of R, was determined from Equation 6.
Radius measurements were obtained using a profilometer. This
gave the length (L) and bow value (b) that was used to calculate
radius R,. After the calculation of the sample radius (R,), R, the
original radius before deposition of Ti, was obtained by using the
radius effect.”” The two values, R, and R , were then used to find
the effective radius (R ;) of each sample. R ,; allowed us to calculate
the stress after deposition. Table 2 summarises the results of the
calculation.

The negative sign on stress values indicate that the stress is
compressive, while positive values indicate tensile stress. The
stress is induced in the thin film when deposition takes place on
the bare substrate. The sample heats up slightly during deposition
and then cools after deposition is completed. When the film is
being deposited on top of the substrate in a vacuum, by means of
electron beam evaporation, it heats up due to the flux of energetic
particleslanding on the substrate and also because radiative heat
is released from the molten material being deposited from the
crucible. The composite film now has multilayers, which on
cooling contract by unequal amounts due to different expansion
coefficients of the different films. Thermal expansion coefficients
of metallic films are generally larger in value when compared to
those of silicon. But SiO, has an even smaller expansion coefficient
compared to that of Si. Si,N, has a larger expansion coefficient
compared to Si (Fig. 2 and Table 3).

The front side film is therefore deposited at a tempera-
ture which is higher than room temperature because of the

(6)

(7)

Fig. 1. This diagram shows how the different variables referred to in the text have
been defined. Sample thickness is d,, front side film thickness is d|, b is the bow
parameter, L is the length of the sample and R is the curvature of the sample.

(a) FS: Front side

Si <100>

BS: Back side

Cooling down to

room temperature Ops < Osi

Osi< Ogs

SizNg I ~
SIOz

Fig. 2. A diagram showing that the sample BS/Si<100>/Ti bends when it cools, if
the layers have different expansion coefficients («). For a back side layer consisting
of Si;N, (whose expansion coefficient is higher than that of Si), the front side (and
hence the Ti layer) will be subjected to a tensile stress. The opposite will happen for
a sample having SiO, on its back side (ago<cg)-

Table 3. Thermal expansion coefficients («) for Ti, SiO,, Si,N, and TiSi,. The
Table also gives the values used previously and those selected for use in this study.

Thermal expansion coefficients () x 10° K™

TiSi, Ti Sio, Si Si;N, Reference

- - 0.5 3 25 4

- 8.6 - 2.8 - 5

- - - - 3.4 6

- - 0.5 - - 7

- - - - 3.3 8

10.5 - - - - 9

105 8.6 0.5 2.8 3.35 Used in this study
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unintended heating effects explained before.
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When the sample cools down, the layer that has 30 —r—
a higher expansion coefficient shrinks to a

greater extent, causing either compressive stress

or tensile stress on the front surface. In the case 25
of a sample with structure SiO,/Si/Ti—if one

neglects the effect of the Ti, since it is much

thinner than the other two films—SiO, will 20
shrinkless than Si, causing the front surface, and
hence the Ti film, to be under compressive stress
at room temperature. Si,N, has a thermal
expansion coefficient greater than that of Si. On
cooling, Si;N, will contract more than Si, leading
to a tensile stressin the front of the film, where Ti 10
is located (Fig. 2).

Normalised yield
o

Normal Rutherford backscattering 5
spectrometry

Figure 3 shows Rutherford backscattering spec-
tra of a multilayered film made up of a Si<100> 0

*He** 2 MeV 10° tilt
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500°C, 5 min. Ti
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wafer onto which 4 000 A of Si,N, was deposited 100
on the back side. The wafer itself is 6 230 000 A
thick. On the front side of the wafer, 550 A of Ti
was deposited. Rutherford backscattering spec-
trometry results showed no observable reaction
for samples annealed at temperatures below
500°C (not shown here). The spectrum of the
sample annealed at 500°C for 5 min showed

o
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Fig. 3. Rutherford backscattering spectra of Si,N,(4 000 A)/Si<100>(6 230 000 A)/Ti(550 A) samples,
deposited and annealed at various temperatures. The spectrum of the sample annealed at 500°C for
5 min showed no reaction, but showed interdiffusion between Si and Ti. Annealing at 560°C for 20 min
led to the formation of TiSi, and annealing for 40 min resulted in the formation of TiSi,.
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interdiffusion between Ti and Si. This is indi-
cated by the change in the gradient on the edge
of the spectrum of Ti (that is in contact with Si),
which changed from steep to less steep. No
shoulder developed, indicating that no reac-
tion took place. The spectrum of the sample
annealed at 560°C for 20 min has a shoulder 20
corresponding to the formation of TiSi. The
formation of TiSi as a first phase in the Ti-Si thin
films binary system has been observed previ-
ously by others.® The presence of a compressive
stress (at high temperature) on the front side of
the wafer, due to Si,N, onits back side, has there- 10
fore not led to any change in first phase forma-
tion for this binary system. The spectrum of the
sample annealed at 560°C for 40 min showed the 5
presence of TiSi, (Fig. 3).

Samples comprised of SiO,(4 000 A)/Si<100>
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(5300 A)/Ti(550 A) were annealed at various 0
temperatures. Figure 4 shows the spectra of a 100
virgin sample and a sample annealed at 590°C
for 40 min; it can be observed that TiSi formed on
the annealed sample. Rutherford Universal
Manipulation Program simulation showed that
there was still Ti remaining on this sample after
annealing. The sample was, however, already in an advanced
state of reaction. It was not possible from the results obtained to
determine at what exact temperature the reaction started on the
samples with SiO, on their back side. To solve this problem, we
performed in situ real-time RBS.

In situ real-time Rutherford backscattering spectrometry

In order to observe when the reaction starts and how it pro-
ceeds with time, in situ annealing and spectrum collection from
RBS were done simultaneously in a chamber whose vacuum was
better than 10 torr. The heating was done by ramping the tem-

LA S B L N B B L B N B N N B L B L B

T I T T L} T I T T T T
150 200 250 300 350 400 450
Channel

Fig. 4. Rutherford backscattering spectra of samples with SiO, on the back side. It was determined that
the SiO, layer on the back side was 4 000 A thick (spectrum not shown here). The spectrum of the virgin
sample showed that the Ti layer on the front side was 550 A thick. The spectrum of the sample annealed
at 590°C for 40 min showed that TiSi had formed.

perature, at a rate of 20°C min™, from room temperature (~20°C)
to 340°C. Thereafter, it was ramped at a rate of 3°C min™ and al-
lowed to rise to a value of 650°C. Figure 5a shows the
temperature versus time curve as measured on the sample.
Figures 5b and 5c show a three-dimensional view of the spectrum
from a sample of a 6 230 000 A thick Si<100> wafer with 4 000 A
of SiO, deposited on the back side and 550 A Ti on the front side.
Figure 5b shows that there is no observable reaction between Si
and Ti during the time period from 0 min to about 80 min (which
corresponds to a temperature of about 500°C). A more in depth
analysis of the spectra that make up Fig. 5 showed that TiSi
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Fig. 5. (a) The temperature versus time profile of a sample of 6 230 000 A thick
Si<100> wafer with 4 000 A of SiO, on the back side and 550 A Ti on the front side.
(b) Athree-dimensional view of the spectrum of the same sample. Time and energy
are plotted on the horizontal axes and counts on the vertical axis. (¢) Above view of
the spectrum in (b).

began forming at that stage. It continued growing until about
110 min after starting the ramp. This time corresponds to a
temperature of about 580°C. At that stage, TiSi, formation was
observed. These observations are in line with what was observed
using normal RBS.

Annealing of the sample with Si;N, on the back side was done
by ramping the temperature, at a rate of 20°C min™', from room
temperature (~20°C) to 440°C. It was thereafter ramped at 3°C
min, to 650°C. Rutherford backscattering spectrometry analysis
on the sample with Si,N,, with a structure of Si,N,(400 A)/si
(6 230 000 A)Ti(400 A), showed that the reaction for the forma-
tion of TiSi started at about 570°C, and formation of TiSi, started
atabout 610°C. Both phases (TiSi and TiSi,) grew simultaneously
thereafter with increasing temperature (RBS results not shown).
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Fig. 6. An Arrhenius plot for the growth of TiSi, for samples with SiO, deposited on
the back side and for samples with Si;N, deposited on the back side. The activation
energies for the growth of TiSi, were 1.0 + 0.064 eV and 2.8 + 0.076 eV, respec-
tively.

Table 4. Sample thicknesses determined by Rutherford backscattering spectrometry
and screw gauge measurements.

Sample category Back side layer Substrate Front side layer
A SiO, (4000 A) Si(100) 6.23 x 10°A  Ti (550 A)
B Si;N, (4000 A) Si(100) 6.23 x 10° A Ti (550 A)
(¢} Si;N, (2000 A) Si(100) 6.23 x 10° A Ti (550 A)

The RUMP simulation program was used to analyse the thick-
nesses of grown phases at different temperatures. Table 4
summarises the values of sample thicknesses observed.

Figure 6 is an Arrhenius plot for the growth of the phase TiSi,,
for the samples with SiO, deposited on the back side and with
Si,N, deposited on the back side. The activation energy for the
growth of TiSi, in which the back side film was SiO, was 1.0 *
0.064 eV, and the activation energy for the growth of TiSi, in
which the back side film was Si;N, was 2.8 = 0.076 eV.

Conclusion

We investigated the interfacial reaction between Si and Ti by
depositing either SiO, or Si;N, on the back side of a Si<100>
wafer, so as to induce stress on the front side. Such stresses could
be either compressive or tensile. A layer of Ti, which was much
thinner than either the substrate Si or the back side layer, was
then deposited on the front side of the wafer.

Characterisation of the samples, using RBS, after annealing in
a vacuum at high temperatures revealed that TiSi formed first,
followed by TiSi,. In situ real-time RBS allowed us to follow the
process step-by-step and to more accurately determine the
starting temperatures for phase formation. Real-time RBS
showed that, for a sample with SiO, on its back side, formation of
TiSi started at 500°C, while TiSi, began to form at 580°C. In the
case of the sample with Si;N,, TiSi began forming at 570°C and
TiSi, at 610°C.

Activation energy for the formation of TiSi, on the sample with
a back side layer of SiO,, was found to be 1.0 + 0.064 eV, while
that for a sample with a back side layer of S5i,N,, was found to be
2.8 +0.076 eV. Values of stress calculated at room temperature for
a sample with SiO, on its back side was found to be 2.8 GPa,
while for a sample with Si,N,, it was 10.5 GPa.

It must be noted that in this experiment the annealing temper-
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atures (>400°C) were much higher than the deposition tempera-
tures (<100°C), which in turn were higher than the temperatures
at which stress measurements were made. It was found that the
sample with SiO, on its back side displayed compressive stress
on its front side at room temperature. When such a sample is
annealed, the temperature-induced stress should reduce, reach
a minimum at its deposition temperature and then rise again
(but with an opposite sign) above the deposition temperature.
This sample should therefore display tensile stress on its front
side at the temperature at which phases form. Tensile stress
causes the appearance of vacancies on the front side, thus lead-
ing to an easier diffusion of atoms (and hence a lower activation
energy). The opposite should happen for a sample with Si;N, on
its back side.
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