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ABSTRACT

Silicon nitride (SiN) with a 50 nm thickness on Si(100) as a thermal barrier
was obtained by plasma-enhanced chemical vapour deposition (PECVD). TiNi
thin films were rf sputtered on a SiN/Si substrate and then annealed at 400-700°C
for 30 min. Their interfacial reactions were studied using transmission electron
microscopy, X-ray diffraction and Auger electron spectroscopy analyses.
Experimental results show that the thickness of reaction layer in TiNi/SiN/Si
specimens is clearly reduced, compared with that in TiNi/Si specimens under the
same annealing conditions. The significant effect of the SiN layer as a diffusion
barrier in TiNi/SiN/Si can be recognized. N and Si atoms diffuse from the SiN
layer to react with TiNi films at 500°C and 600°C respectively. The TiN, _ . phase
is formed in specimens annealed at 500°C, and mixed Ti,Ni3Si and TizNi,O
compounds are found at 600°C. In the specimen annealed at 700°C, the
reaction layer has sublayers in the sequence TiNi/TiyNi,O/Ti,Ni;Si/TiN; _,/
SiN/Si. The SiN thermal barrier obtained by PECVD caused quite different
diffusion species to cross the interfaces between TiNi/SiN/Si and TiNi/Si
specimens during the annealing.

§ 1. INTRODUCTION

TiNi shape memory thin films are materials with a high potential for fabricating
the microactuators and micropumps used in microelectromechanical systems
because of the advantages of their large shape recovery force and strain. Hence,
efforts have been made with TiNi thin films using rf sputtering techniques (Wolf
and Heuer 1995, Bendahan et al. 1996, Stemmer et al. 1997, Miyazaki and Ishida
1999, Chen and Wu 1999, Matsunaga et al. 2000, Wu et al. 2001). Because the TiNi
thin films are amorphous when initially deposited on to low-temperature substrates,
thermal annealing is necessary for the crystallization of these films (Stemmer et al.
1997, Chen and Wu 1999, Wu et al. 2001). However, the film—substrate interface
will interact during thermal annealing. These interfacial products will influence the

T Author for correspondence. Email: skw@ccms.ntu.edu.tw.

Philosophical Magazine ISSN 1478-6435 print/ISSN 1478-6443 online © 2004 Taylor & Francis Ltd
http://www.tandf.co.uk/journals
DOI: 10.1080/14786430310001646745



07:29 6 Novenber 2008

Downl oaded By: [National Taiwan University] At:

1210 S. K. Wu et al.

film—substrate adhesion and other interfacial properties, thus affecting the perfor-
mance of TiNi thin films as microactuators and micropumps (Wolf and Heuer 1995).

In our previous study, interfacial microstructures of TiNi thin films rf sputtered
on to Si(100) and post-annealed at 400—700°C for 30 min were investigated (Wu et al.
2001). For annealing temperatures below 600°C, Ni atoms are the primary diffusion
species and NiSi, compound forms towards the Si substrate at 400°C. TiNi thin films
initially crystallize at 500°C. Si and Ti atoms begin to migrate in specimens annealed
at 600°C. At this temperature, a near-Ti4NizSi; compound on the NiSi, side and a
near-TiNiSi compound on the TiNi film side are simultaneously produced at the
interface. For specimens annealed at 700°C for 30 min, Ti4Ni4Si; forms a layer with a
thickness greater than 0.3 pm, while TiNiSi forms a layer with a thickness greater
than 0.5 um. Clearly, the amorphous rf-sputtered TiNi films crystallize at 500°C, but
Ni atoms in TiNi films have diffused into the Si substrate at 400°C. In other words,
the interfacial NiSi, compound forms at the TiNi—Si interface during the TiNi films
crystallization if there is no diffusion barrier existing in between the TiNi thin film
and the Si substrate.

Silicon nitride obtained by plasma-enhanced chemical vapour deposition (PECVD)
is widely used in the microelectronics industry as a diffusion barrier coating (Smith
1995). The silicon nitride obtained by PECVD (abbreviated here as SiN) is highly
non-stoichiometric and has bonded H (Mar and Samuelson 1980, Chang et al. 1988).
In this study, a layer of SiN was deposited on to Si(100); then TiNi thin films were
rf sputtered on to it; finally they were annealed at temperatures between 400 and
700°C for 30min. The reaction phases and microstructures at the TiNi—SiN-Si
interfaces resulting from the post-deposition thermal annealing are investigated.
The difference between the interfacial reactions at the TiNi—Si and TiNi—SiN-Si
interfaces are also discussed.

§2. EXPERIMENTAL PROCEDURE

A SiN layer 50 nm thick was deposited by PECVD on to the (100) surface of
cleaned and oxide-etched Si wafers of 3in diameter at the National Nano-Device
Laboratory, National Science Council, Hsinchu, Taiwan, using an STS multiplex
cluster system with frequency 380 kHz. In this system, silane (SiH,) and NH; were
used as reaction gases, and N, as the carrying gas. Then near-equiatomic TiNi thin
films were sputtered on to SiN/Si at room temperature using a magnetron gun in a
high-vacuum (1 x 10~ Torr) base pressure chamber. The sputtering conditions were
as follows: sputtering pressure, 10 mTorr, target—substrate distance, 50 mm; dc power,
200 W; deposition rate, about 5 Asec™!. The targets used in this study were a TigoNis;
disc of 2in diameter. The sputter-deposited TiNi specimens with thicknesses of
0.4 and 1.5um were scaled in evacuated quartz tubes, thermally annealed at 400,
500, 600 and 700°C for 30 min and then furnace cooled to room temperature.

The annealed TiNi films of 0.4 um thickness were used to analyse the composi-
tion depth profile of TiNi—SiN-Si interfaces by Auger electron spectroscopy (AES),
using a Perkins—Elmer 600 model with Ta,Os as the reference for depth estimation.
The ion-bombardment rate of AES is about 25 A min~'. The elemental profiles of
O, N, Ti, Ni and Si across the TiNi—SiN-Si interfaces were obtained. The annealed
TiNi films of 1.5 um thickness were used to detect the phases and to observe the
cross-sectional microstructures of interfaces. Cross-sectional transmission electron
microscopy (TEM) specimens were fabricated by grinding, dimpling and ion milling
at S5kV to perforation. The sector speed control whisperlock of the Gatan Duomill at
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liquid-N, temperature was used to minimize the effects of different ion-milling rates
of TiNi, SiN and Si in cross-sectional TEM specimens. Microstructural observation
was performed using a 4000 FX (JEOL) transmission electron microscopy operated
at 400kV with 2.6 A point-to-point resolution. The camera constant was 41 A mm.
X-ray diffraction (XRD) tests were carried out on a Philips PW1710 X-ray diffracto-
meter using Cu Ko radiation. The power was 40 kV x 30 mA and the 260 scanning rate
was 0.008°s~!. The range of scanning angles was from 20° to 90°. All XRD tests were
taken from the top of sputtered specimens and normal to the TiNi—SiN-Si interfaces.

§3. RESULTS AND DISCUSSION

3.1. As-deposited specimens and specimens annealed at 400° C for 30 min

Figure 1(a) shows the cross-sectional TEM image of an as-deposited TiNi/
SiN/Si specimen, and figure 1(b) is the XRD result of the specimen annealed at
400°C for 30 min. Figures 1(a) and (b) indicate that the as-deposited TiNi films are
amorphous, and that these films are stable even after annealing at 400°C for 30 min.
Figure 1 (c) shows the AES results for the as-deposited specimen. From figures 1 (a)
and (c), it can be seen that the interface between the Si substrate and the SiN layer is
quite sharp, but the interface between the SiN layer and the TiNi film is not clear and
has a relatively higher O concentration. The reason for the latter may be that
the specimens have a long holding time in the air in between different deposition
procedures. In figure 1(a), one can observe a layer of about 10 nm thickness with
varying contrast in the Si substrate neighbouring the SiN-Si interface. This layer can
still be observed even after annealing at 700°C for 30 min, and it is speculated that
high-density defects induced by high-energy particle bombardment during the SiN
PECVD occur. In figure 1, there is no Ni atom diffusion crossing the TiNi—SiN-Si
interfaces, although that has been observed in the TiNi-Si interface annealed at
400°C for 30 min (Wu et al. 2001).

3.2. Specimens annealed at 500°C for 30 min

Figures 2 (a), (b) and (c) show the cross-sectional TEM image, the XRD results
and the AES results respectively of a TiNi/SiN/Si specimen annealed at 500°C for
30 min. From figure 2 (b), it can be seen that the TiNi film now has clearly crystal-
lized to be a mixture of the B2 parent phase and B19' martensite. Its crystallization
behaviour is similar to that of previous reports (Stemmer ez al. 1997, Chen and Wu
1999, Wu et al. 2001). From figures 2 (a) and (c), the interface between the SiN layer
and the Si substrate is still sharp, but that between the SiN layer and the TiNi film
now forms a reaction layer with a thickness of about 10 nm on the TiNi side. This
extra layer contains many N atoms, compared with figure 1(c), indicating that
N atoms have diffused from the SiN layer to react with the TiNi film at 500°C. From
figure 2 (b), this reaction layer is expected to be a TiN; _ . phase because the impor-
tant XRD peaks of the TiN; _ , phase can be identified (Joint Committee for Powder
Diffraction Standards 1995b). The sharp SiN-Si interface means that there is no clear
atom diffusion crossing over this interface, even after annealing at 500°C for 30 min.

3.3. Specimens annealed at 600°C for 30 min
Figures 3 (a), (b) and (c) show the cross-sectional TEM image, the XRD results
and the AES results respectively of a TiNi/SiN/Si specimen annealed at 600°C
for 30 min. Figure 3(d) is the selected-area diffraction pattern of the area covering



07:29 6 Novenber 2008

[ National Taiwan University] At:

Downl oaded By:

1212 S. K. Wu et al.

4000 ; . . . . .
= (b) S ]
£ 3000 Z N ]
2 = %) 1
o E
2000 - 2 ]
- -
£ 1000- £ ]
y M% N " . T
0- .
20 30 40 50 60 70 80 90
20(degree)
10 .
= (©)
® g
=
=g
T 6
s T Lo
'E 4‘%
=
S )L 1. N
2 H‘*N‘«/SWIWWWWMW )
N= mmm?vm : ; ‘ Ti
0 50 100 150 200

Sputtering time (min)

Figure 1. (a) The cross-sectional TEM image of the as-deposited TiNi/SiN/Si specimen,
(b) the XRD results of the TiNi/SiN/Si specimen annealed at 400°C for 30 min and
(c) the AES results of the as-deposited TiNi/SiN/Si specimen.

the Si—SiN-TiNi interfaces in figure 3 (a). There are spot and ring patterns super-
imposed in figure 3 (d). The spot pattern is identified as the [011]s; zone axis, but
the ring pattern has ring radii of about 4.15-4.63nm™"'. The ring of about 4.15nm ™"
radius is proposed to come from the {I11} plane of the TiN;_, phase with
d=0.2447nm (Villars and Calvert 1985) and/or the (002)—(020) plane of Ti,Ni3Si
with d=0.24nm (Bardos et al. 1961). The ring of about 4.63 nm ™' radius consists of
the spots that come from the {011}p, plane of the TiNi parent phase with the lattice
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Figure 2. (a) The cross-sectional TEM image, (b) the XRD results and (c) the AES
results of the TiNi/SiN/Si specimen annealed at 500°C for 30 min.

constant 0.3015nm and dy;; =0.213 nm (Philip and Beck 1957). From figure 3, the
sharp interface between the SiN layer and the Si substrate is still observable, but the
reaction layer between the SiN layer and the TiNi film is thicker (about 60 nm) than
that observed in specimen annealed at 500°C for 30 min. The results in figures 3 (b),
(c) and (d) indicate that the reaction layer contains a sublayer of TiN; _, on the
near-SiN side and a sublayer of the mixture of Ti,Ni;Si and TizNi,O on the near-
TiNi film. It is well known that the Ti,Ni phase can absorb much more O than TiNi
can to form TiyNi,O (Honma 1987), and the cubic structures of Ti,Ni and TizNi,O
are similar, having almost the same lattice constant (Joint Committee for Powder
Diffraction Standards 1995a,c). As seen from figure 2(c), the high concentration
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(a) The cross-sectional TEM image, (b) the XRD results, (c) the AES results and

(d) the selected-area diffraction pattern of (a) of the TiNi/SiN/Si specimen annealed at
600°C for 30 min.
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of O in this sublayer suggests the possibility of formation of TiyNiO. It is also
suggested that Ti,Ni3Si forms in the reaction sublayer of figure 3(a) because
Ti,NisSi has been observed at the TiNi—Si interface of the specimen annealed at
about 525°C for 30 min, when Si atoms have diffused across the interface (Stemmer
et al. 1997). At the same time, the formation of TiN; _, and TizNi,O will cause
deficit Ti atoms in TiNi film. This feature will favour the formation of the Ti,NisSi
phase. Figure 3 also clearly indicates that Si atoms have migrated from the SiN layer
to react with TiNi film at 600°C on the TiNi/SiN/Si specimen.

3.4. Specimens annealed at 700°C for 30 min
Figures 4 (a), (b) and (c) show the cross-sectional TEM image, the XRD results
and the AES results respectively of a TiNi/SiN/Si specimen annealed at 700°C
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Figure 4. (a) The cross-sectional TEM image, (b) the XRD results and (c) the AES
results of the TiNi/SiN/Si specimen annealed at 700°C for 30 min.



07:29 6 Novenber 2008

Downl oaded By: [National Taiwan University] At:

1216 S. K. Wu et al.

for 30 min. In figures 4 (a) and (c), the SiN-Si interface is still sharp, the SIN-TiNi
interface has a reaction layer with a thickness of about 150 nm. In figures 4 (b) and
(¢), the reaction layer of SiN-TiNi contains the sublayers of TiN; _ ., Ti,Ni3Si and
Ti4Ni»O, which are the same as those observed in figure 3 except that now Ti,Ni3Si
and TiyNi,O have separated into two sublayers. Figure 4(c) suggests that these
sublayers have the sequence TiNi/TiyNi,O/Ti,Ni3Si/TiN; _/SiN. However, figure
4 (a) shows that there are no clear interfaces between these sublayers. This feature
indicates that these reaction compounds are mixed at the interfaces of the sublayers.
In figure 4(b), no sharp (400)s; peak can be observed. This may be due to the
formation of a thick reaction layer at the TiNi—SiN interface after annealing
at 700°C for 30 min. From figure 4(b), some minor XRD peaks still cannot be
identified, a feature that merits further study.

3.5. Effect of SiN diffusion barrier on the interfacial reactions
of TiNi/SiN/Si specimens

The thicknesses of SiN and reaction layers shown in figures 1-4 are measured.
Figure 5 shows the curves of the thickness of SiN layer and that of reaction layer of
SiN/TiNi versus the annealing temperature in TiNi/SiN/Si specimens annealed at
400-700°C for 30 min. For comparison, the curve of the thickness of reaction layer
versus the annealing temperature in TilNi/Si specimens annealed in the same condi-
tions is also plotted in figure 5 (Wu et al. 2001). From figure 5, the significant effect
of the SiN layer as a diffusion barrier in TiNi/SiN/Si can be recognized. In the case
of TiNi/Si without the diffusion barrier, Ni atoms can diffuse to form NiSi, after
annealing at 400°C for 30 min, and they are the primary diffusion species for anneal-
ing temperatures below 600°C (Wu et al. 2001). However, in the case of TiNi/SiN/Si
with SiN as a diffusion barrier, N and Si atoms diffuse from the SiN layer into the
TiNi film at 500°C and 600°C respectively. Clearly, the Ni atoms are not the primary
diffusion species in annealed TiNi/SiN/Si specimens owing to the existence of the
SiN thermal barrier. This feature also causes the sharp SiN-Si interface in TiNi/SiN/
Si specimens, even after annealing at 700°C for 30 min.

~800nm for 70%‘;C
— |/

50
(l\ 40

300

250

200

L/

TiNiSi A A

150 -+
TiNI/SIN/SI ® N

30

100

Thickness of
Reaction Layer (nm)
SiN Thickness(nm)

'\\J

<:£| 20

10

N

50 oz

/

500°C \

400°C
600°C
700°C

As
deposited

Annealing Temperature (°C)

Figure 5. The curves of the thicknesses of the total reaction layer versus the annealing
temperature for TiNi/SiN/Si and TiNi/Si specimens annealed at 400-700°C for
30min. The curve of the thickness of SiN layer versus the annealing temperature
for TiNi/SiN/Si specimens is also plotted.
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The interfacial microstructures of TiNi/SiN/Si specimens annealed at 400-700°C
for 30 min are also different from those of TiNi/Si specimens annealed under the same
conditions. This characteristic can be understood from the fact that the diffusion
species have changed at TiNi/SiN/Si and TiNi/Si interfaces. In this study, the speci-
men annealed at 700°C for 30 min has reaction sublayers of TiN; _ ., Ti,Ni3Si and
TiuNi,O at the TiNi-SiN interface. Of these, TiN; _ ., Ti,Ni3Si and Ti4Ni,O have
been found in specimen annealed at 600°C for 30 min and TiN, _ . is formed at much
lower annealing temperatures, for example in the specimen annealed at 500°C for
30 min. This feature indicates that the formation of these phases is closely related to
their free energies of formation, and is also dependent on the primary diffusion
species crossing the interfaces. For example, according to the Ti—Si—N and Ni-Si-N
ternary systems (Rogl and Schuster 1992), TiN, _, has a lower free energy to form
compared with NiSi, NiSi,, TisSi; and SisNy4. At the same time, at 500°C, N atoms
are the primary diffusion species at the TiNi—SiN interface; therefore TiN,; _  can be
formed at a lower temperature than other compounds in this study.

§4. CONCLUSION

SiN with a thickness of 50 nm on Si(100) as a thermal barrier was obtained by
PECVD. TiNi films were rf sputtered on a SiN/Si substrate and then annealed at
400-700°C for 30 min; and their interfaces are studied using TEM, AES and XRD
analyses. Experimental results show that the thickness of reaction layer in TiNi/
SiN/Si specimens is clearly reduced, compared with that in TiNi/Si specimens
under the same annealing conditions. The significant effect of the SiN layer as a
diffusion barrier in TiNi/SiN/Si can be recognized. In this study, N and Si atoms
diffuse from the SiN layer on to the TiNi film at 500°C and 600°C respectively. This
feature allows the TiN; _ , phase and mixed TiN; _ . and Ti,Ni3Si—Ti4Ni»O phases to
be formed at 500°C and 600°C respectively. After annealing at 700°C for 30 min, the
reaction layer has sublayers in the sequence TiNi/Ti4Ni,O/Ti,Ni3Si/TiN; _ /SiN/Si.
The formation of TiN; _ ,, Ti,Ni3Si and TizNi>O phases is suggested to be related to
their free energies of formation and to be dependent on the primary diffusion species
crossing the interfaces. These results also demonstrate that the diffusion species
observed in TiNi—SiN-Si specimens are quite different from those observed in
TiNi/Si specimens.

ACKNOWLEDGEMENT
The authors are grateful for the financial support of this research from the
National Science Council, Taiwan, under grant NSC 88-2216-E002-013.

REFERENCES

BarDOs, D. 1., Guprta, K. P., GuprTa, K. P., and BEck, P. A., 1961, Trans. metall. Soc. AIME,
221, 1087.

BENDAHAN, M., SEGUIN, J., CANET, P., and CARCHANO, H., 1996, Thin Solid Films, 283, 61.

CHANG, M., WONG, J., and WANG, D. N. K., 1988, Solid St. Technol., 31, 193.

CHEN, J. Z., and Wu, S. K., 1999, Thin Solid Films, 339, 194.

Honwma, T., 1987, Shape Memory Alloys, edited by H. Funakubo, translated by J. B. Kennedy
(New York: Gordon and Breach), p. 99.

JoINT COMMITTEE FOR POWDER DIFFRACTION STANDARDS, 1995a, Powder Diffraction File,
Version 2.16 (Swarthmore, Pennsylvania: International Center for Powder Diffraction
Data), card 05-0694; 1995b, ibid., card 06-0642; 1995c, ibid., card 18-0898.

MAR, K. M., and SAMUELSON, G. M., 1980, Solid St. Technol., 23, 137.



07:29 6 Novenber 2008

[ National Taiwan University] At:

Downl oaded By:

1218 Interfacial reactions of TiNi/SiN/Si

MATSUNAGA, T., KAJIWARA, S., Ocawa, K., KikucHi, T., and Mivazaki, S., 2000, Mater.
Sci. Forum, 327-328, 175.

Miyazakl, S., and ISHIDA, A., 1999, Mater. Sci. Engng, A273-A275, 106.

PaiLip, T. V., and Beck, P. A., 1957, Trans. metall. Soc. AIME, 209, 1269.

RoGL, P., and SCHUSTER, J. C., 1992, Phase Diagrams of Ternary Boron Nitride and Silicon
Nitride Systems (Metals Park, Ohio: American Society for Metals), pp. 175, 198.

SMITH, D. L., 1995, Thin-Film Deposition—Principles and Practice (New Y ork: McGraw-Hill),
p- 545.

STEMMER, S., DUSCHER, G., SCHEU, C., HEUER, A. H., and RUHLE, M., 1997, J. Mater. Res.,
12, 1734.

ViLLars, P., and CaLvert, L. D., 1985, Pearson’s Handbook of Crystallographic Data
for Intermetallic Phases, Vol. 3 (Metals Park, Ohio: American Society for Metals),
p- 279%4.

WoLF, R. H., and HEUER, A. H., 1995, J. Microelectromech. Systems., 4, 206.

Wu, S. K., CHEN, J. Z., WU, Y. J., WANG, J. Y., YU, M. N., CHEN, F. R., and Ka1, J. J., 2001,
Phil. Mag. A, 81, 1939.



