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Self-aligned TiN Formation by N, Plasma Bias Treatment of TiSi; Deposited

by Selective Chemical Vapor Deposition
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The titanium nitride (TiN) formation technology described here uses nitrogen plasma bias treatment to form
self-aligned TiN only on the diffused layer from titanium silicide (TiSi») prepared by selective chemical vapor
deposition (CVD). The nitriding was performed using magnetron sputtering equipment with an rf plasma source.
Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), and etching in 1% HF were used to
characterize the samples. The contacts fabricated with the Al-2%Si/TiN/TiSiz/Si barrier technology exhibit low
resistivities of about 10”7 Q-cm?. No excessive leakage of the 0.2-um shallow junctions was observed even after

‘thermally stressing the samples at 500°C for 30 min.
KEYWORDS:

1. Introduction

The high degree of integration in very-large-scale inte-
gration (VLSI) technology has created a great demand
for self-aligned processes. Titanium silicide (TiSi;) can
be formed in contact areas in a self-aligned fashion, and
this is particularly important for making contact to sub-
micron windows, for example a titanium self-aligned sili-
cide (SALICIDE) process.?) Although self-aligned TiSi,
has become a widely used low-resistance contact mate-
rial, it needs a diffusion barrier to suppress the interac-
tion between Al and the Si substrate. Titanium nitride
(TiN) is one of the most suitable materials to use as a dif-
fusion barrier between Si and contact metals because of
its low resistivity and high chemical stability. Improved
thermal stability can be achieved by using a TiN layer
as a diffusion barrier between the silicide and the Al. A
TiN layer also has the advantage of being resistant to
wet etch in buffered HF, -used for cleaning contacts after
reactive ion etching.

Titanium nitride (TiN) is usually prepared by rf re-
active sputtering of pure Ti targets in an Ar-N, mixed
ambient.?) A TiN/TiSi, bilayer structure can be formed
by annealing a Ti film on Si in a N, or NH; atmo-
sphere, which results in simultaneous growth of TiN and
TiSi,.>% Alternatively, the silicide can be formed first
and the nitriding can be done in a second anneal un-
der N; or NH;.*® High-energy nitrogen ion implanta-
tion into Ti films followed by annealing at temperatures
between 600°C and 800°C has also been used to form
TiN/TiSi, bilayers on Si.>'® At such high temperatures,
dissociated Si atoms are mobile and can grow epitaxially
on the Si substrate, and this regrowth of Si onto the
Si substrate may be detrimental to low-resistance ohmic
contacts.” The use of a low-energy nitrogen ion beam
to transform a TiSi, layer on Si to TiN was reported re-
cently.’® The advantage of the ion beam method is that
the temperatures that can be used are considerably lower
than those needed for conventional nitriding.

The selective chemical vapor deposition (CVD)
method forms TiSi, only on the diffused layer and
does not require many processing steps.'® The nitregen
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plasma bias treatment method combined with the selec-
tive CVD TiSi, deposition method makes it possible to
form self-aligned TiN only on the TiSi, surface. In addi-
tion, this technology requires fewer processing steps than
the conventional two step annealing TiN/TiSi, formation
technology does.®

This paper describes a self-aligned TiN formation pro-
cess at low temperature and the TiN film characteristics
applied to the TiSi, contact regions using the selective
CVD deposition method of interconnections in VLSIs.

2. Experimental

The process flow for test device fabrication is shown
in Fig. 1. (100) oriented p-type and n-type 1-10Q-cm 6-
inch silicon wafers were used to obtain electrical charac-
teristics. A low-energy arsenic ion (Ast) was implanted
to a dose of 4x10'® cm ™2 to form shallow nt /p junctions.
A low-energy boron fluoride ion (BFY) was implantated
to a dose of 2 x 10" cm™2 form shallow p*/n junctions.
The dopants were activated by a rapid thermal annealing
at 950°C for 15 min. Both the n*/p and p*/n junctions
were formed about 0.2 um deep.

A silicon wafer was dipped in dilute hydrogen fluo-
ride (HF) and rinsed with deionized water. Titanium

/TiSiz
N7 5102

Selective CVD depesition of TiSi,
TiSip thickness: 40 nm

(a)

(_n¥lor P¥) J nt: As
Si Pt BR
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Tiste \'r l Jr TiN N, plasma bias treatment
2
N\UgmN\\-8102  Substrate temperature: 350
®) Bias voltage: - 600V
5' Treatment time: 5 min
l—Al-2% Si Al deposition
(c) e r—Si02 Al thickness: 1 um
(__n¥lor P¥) J
Si
Fig. 1. Process flow for fabricating a test device by N2 bias treat-

ment of selective CVD TiSi,.

TSMC EX1014 p. 2



Jpn. J. Appl. Phys. Vol. 36 (1997) Pt. 1, No. 2

silicide films were selectively grown by the following pro-
cess using a CVD reactor.’® First, in situ SiH, clean-
ing was performed at about 720°C with an SiH, flow
rate of 10sccm and a pressure of 0.5 mTorr (0.067 Pa).
Titanium silicide films were selectively grown at 720-
740°C with an SiH, flow of 20sccm, a partial SiH, gas
pressure of 1.9 mTorr (0.25Pa), and TiCl, gas flow rates
of 0.20sccm. Selectively grown TiSi, films about 40 nm
thick were deposited on the silicon contact for a deposi-
tion time of about 80s. (Fig. 1(a))'*®

Nitrogen (N,) plasma bias treatment of the selective
CVD TiSi, samples was performed using a sputtering
system (Varian 3280) with an rf plasma stage operated
in pure nitrogen gas at a pressure of 6.0 mTorr (0.8 Pa).
The sputtering system is shown in Fig. 2. The rf system
has a substrate table powered at 13.56 MHz during N,
bias plasma treatment, and a bias voltage was applied to
the substrate. The vacuum system was turbo pumped
and the base pressure before the experiments was about
1 x 1077 Torr (1.3 x 107° Pa). ‘

The samples were mounted on a resistively heated
sample holder using a backside gas flow system. Before
they were nitrided, surface oxides and impurities were re-
moved by argon sputtering with a bias voltage of —600V
for 1 min. Backside argon did not flow during this clean-
ing. This means that low substrate temperatures were
maintained during this cleaning. The subsequent nitrid-
ing was performed with —600V N, ions at a power den-
sity of 0.24 W/cm? to the substrate. We used N, bias
treatments lasting 5min at a substrate temperature of
350°C in these experiments (Fig. 1(b)). After nitriding
of the TiSi, surface, 1-um thick Al-2%8Si alloy films were
then deposited continuously and patterned (Fig. 1(c)).

The Auger electron spectra were recorded with a
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Fig. 2. Schematic diagram of the N2 plasma bias treatment ap-
paratus.
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Phi Auger electron spectroscopy (AES) spectrometer us-
ing 5-keV electron beam energy and 6-eV peak-to-peak
cylindrical mirror analyzer (CMA) modulation. Depth
profiling was performed with 2-eV Ar ions at a current of
0.5-uA. X-ray photoelectron spectroscopy (XPS) analy-
ses were performed in a Phi ESCA 548E spectrometer.
XPS was used to analyze the chemical composition of the
nitride TiSi, surfaces. Nonmonochromatic MgKa radia-
tion (1253.6eV) was used to excite photoemission. The
binding energies of the Ti 2,, N 1;, and Si 2, peaks were
calibrated with respect to the C 1, peak at 284.6eV.
Sputter etching was done with a differentially pumped
Ar-ion sputter gun. The surface morphology was ob-
served by using a scanning electron microscope (SEM).
The etching tests were performed using a 1%HF solution
at 22°C. The sheet resistance measurements were per-
formed using standard four-point-probe techniques. The
characterized TiSi, films were formed on blank Si sub-
strates. Contact resistances were measured using Kelvin
resistors.

3. Results and Discussion

3.1 Nitrogen plasma bias treatment process condition
First, the optimum N, bias treatment process con-
ditions were determined using an HF solution because
the TiN layer was resistant to dilute HF solution but
TiSi, was not. Figure 3 shows the normalized sheet re-
sistance of 40-nm thick selective TiSi, versus bias volt-
age. The treatment temperature was 350°C and the
treatment time was 5min. The sheet resistance of 40-
‘nm thick selective TiSi, films was about 30€/sq. This
value was slightly high compared to the thick (=100 nm)
TiSi, films because film thickness dependence of sheet
resistance and roughly grain growth occurred. But this
value was similar to the conventional TiSi, films formed
by rapid thermal annealing (RTA) in thin (~40 nm) film
thickness.'® The characterized TiSi, films were formed
on blank Si substrates. These films were the same as
those deposited on the Si contact patterns.'® The mea-

Tsub : 350°C
7(— 1% HF , 22°C
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Fig. 3. The normalized sheet resistance of selective TiSiz versus
bias voltage.
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Fig. 4. The normalized sheet resistance of selective TiSiz versus
substrate temperature.
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A N Bias treatment of TiSiz
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Fig. 5. The normalized sheet resistance of selective TiSiz versus
etching time in a 1%HF solution at 22°C.

surements of normalized sheet resistance used in stan-
dard film was 40nm for selective CVD TiSi,. The film
samples were etched for 40s in 1%HF solution at 22°C
and were rinsed in deionized water for 10 min. The nor-
malized sheet resistance values were lowest at a —600V
bias voltage. When the bias voltage was over —600V,
the normalized sheet resistance values were slightly in-
creased. Figure 4 shows the normalized sheet resistance
versus substrate temperature. The normalized sheet re-

K. KAMOSHIDA and K. SArro

(@)

Si
Ti

Peak-toPeak Amplitude (a.u.)

; 0, :
0 5 10 15
Sputtering Time (min)

(b)

Peak-to-Peak Amplitude (a.u.)

1 O L L
0 5 10 15
Sputtering Time (min)

Fig. 6. Auger depth profiles: (a) selective CVD TiSiz and (b) the
film after No bias treatment at —600V and 350° for 5min.

sistance values were about unity at 350°C and 400°C.
The optimum conditions for the N, bias treatment were
an N, bias voltage of —600V, and a substrate temper-
ature of 350°C. The normalized sheet resistance versus
etching time with or without N, bias treatment in 1% HF
solution at 22°C is plotted in Fig. 5. The N, bias-treated
samples showed greater stability improvement than did
the samples that were not treated.

3.2 Auger electron analysis

The Auger electron spectra of TiN are complicated
by the overlap of the N (KL; 3L, 3) and Ti (LsM; 3M, 3)
transitions at 382eV kinetic energy. Thus, we used the
semiquantitavive analysis method.” The nitrogen con-
tent is characterized by the positive excursion of the com-
bined nitrogen and Ti peak at 382eV, and the Ti content
is characterized by the negative excursion of the Ti peak
at 418eV. TFigure 6 shows the AES depth profiles of
(2) the selective CVD TiSi,, and (b) those of the N, bias

TSMC EX1014 p. 4
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treatment of selective CVD TiSi,. The profiles of the film
prepared by N, bias treatment of TiSi, are significantly
different from those of TiSi,. Comparing these two fig-
ures reveals that N, bias treatment decreases the number
of Si atoms and increases the number of N atoms. In the
N, bias-treated samples, oxygen penetrated deeply into
the TiN surface. The relatively long tails of the Ti and
N profiles shown in Fig. 6(b) are thought to be due to
the surface roughness of the film.

3.3  X-ray photoelectron spectroscopy analysis

Figure 7 shows the Ti 2, energy spectra obtained by
XPS for films prepared by (a) as-deposited selective CVD
TiSi, and by (b) —600V N, plasma bias treatment at
350°C for 5min. As-deposited selective CVD TiSi, films
were evidently oxidized by residual oxygen in the process
chamber or by atmospheric air because the TiO, peaks
(459.0 and 464.6eV) are apparent in the XPS spectrum.
The spectrum of the N, plasma bias-treated TiSi, sam-
ple, on the other hand, showed TiO, 2,5/, (458.5eV) and
TiO, 2,1/, (464.2eV) peaks. Because the more diffuse
spectra were observed, the N, plasma bias-treated TiSi,
sample surface was etched using argon sputtering. After
sputter etching of the TiSi, surface, TiN 2,55 (455.1€V)
and TiN 2,,,, (461.0eV) peaks and mixed TiO, peaks
were observed.'®'® The TiN surface was partially ox-
idized to form titanium oxide (TiO;).2%2Y The Si 2,
spectrum is shown in Fig. 8. As-deposited selective CVD
TiSi, films showed the TiSi, peak (99.0eV) and a small
peak for oxidized Si (102.6eV) (Fig. 8(a)). The N, bias
treatment partially converted TiSi, to SizN, (101.7¢V),
but TiSi, was still observed (Fig. 8(b)).® Figure 9 shows
the N 1, spectrum for N, plasma bias-treated TiSi,
samples. The TiN peak (396.8€eV) and a small SizN,

Tipp

TiN

Intensity (a.u.)

after sputter
etching

N, bias

Tio, freatment

1 1 1 1 1 1 1 1 1

468 466 464 462 460 458 456 454 452 450 448

Binding Energy (eV)

Fig. 7. The Ti 2, energy spectra obtained by XPS: (a) selective
CVD TiSi, and (b) the selective CVD TiSiy film after No bias
treatment at —600V and 350° for 5 min.
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(397.7eV) peak are evident, but the oxynitride (TiO,N,)
peak (398.4-399.9eV)?? cannot be observed. The TiN
peak did not shift to a lower binding energy because TiN
did not form oxynitride (TiO.N,).?") Another possible
mixed compound such as TiSi, N, and TiSi,N,O, would
probably not be formed by XPS. Judging from the XPS
spectrum, the TiSi,N,O, peak (397.3eV)?*» would also
probably not be observed in our experiment.

From the above results, it was considered that the
N, plasma treatment of the selective CVD TiSi, surface
consists of an intimate mixture of TiN, TiO, and small
amount of SizNy.

3.4 Contact resistance and leakage currents of Ny
plasma bias-treated selective CVD TiSiy samples
The contact resistance for n* and p* silicon is shown

Siz,

TiSiz

Intensity (a.u.)

107 106 105 104 103 102 101 100 99

Binding Energy (eV)

98 97

Fig. 8. The Si 2p energy spectra obtained by XPS: (a) selective
CVD TiSiz and (b) the selective CVD TiSi, film after Ny bias
treatment at —600V and 350° for 5min.

Ns TiN

Intensity (a.u.)

1 1 1 1 1. 1 ] 1 1

401 400 399 398 397 396 395 394 393 392 391

Binding Energy (eV)

Fig. 9. The N 15 energy spectra obtained by XPS for a selective
CVD TiSis film after N5 bias treatment at —600V and 350° for
5 min.
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Fig. 10. Contact resistance for n* and pt silicon as a function

of annealing temperature. The contact hole size was 1.0 um and
-the aspect ratio was 0.5.
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Fig. 11. Junction leakage currents of nt/p and diodes with
0.2 um deep shallow junctions as a function of annealing tem-
perature. Annealing time was 30 min.

in Fig. 10 as a function of annealing temperature. In this
case, the contact hole size was 1.0 um and the aspect ra-
tio was 0.5. The contact resistance for these two types of
silicon, as-deposited samples are about 4052 for n* and
60 for p*. Annealing at 400-500°C slightly increases
the contact resistance. We inferred that the reason for

K. KAMOSHIDA and K. SAITO

| E—

10pm

(b)

Fig. 12. SEM micrographs of (a) Al-2%Si/TiN/TiSiz/Si and (b)
Al-2%8Si1/TiSi2 /Si contacts, both annealed at 400°C for 30 min
and both shown after removal of the top Al-2%8Si layer.

this was the oxygen being incorporated into the TiN sur-
face. In the sample annealed at 500°C, the n* /p contact
resistance was 802 and the p*/n contact resistance was
100 €. _

The reverse leakage currents of the n*/p diodes with
0.2-pm deep shallow junctions is shown in Fig. 11 as a
function of annealing temperature. The junction areas
were 0.1mm? for the n*/p junctions, and the contact
areas were about half the junction areas. For the Al-
2%S1/TiN/selective CVD TiSiy/Si contact system, the
leakage currents of the junctions were approximately
1 x 107 A/mm? at a reverse bias of +5V. These val-
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ues were almost unchanged by annealing at 400-500°C,
which indicates that the TiN layer prevents the Al from
penetrating the TiSi,. In the TiSi, samples without N,
plasma bias treatment, on the other hand, a large leakage
current was observed increasing with the annealing tem-
perature. In the sample annealed at 400°C, the leakage
currents of junctions were approximately 1x10~% A /mm?
at a reverse bias of +5V. To confirm this, we removed
the top Al layer and made SEM micrographs. Figure
12 shows the SEM micrographs of samples (a) with the
N, plasma bias treatment and (b) without the treat-
ment. Both samples were annealed in argon at 400°C
for 30 min. Notice that there is pitting around the edges
of the contact hole where the Al has diffused into the
TiSi, of the untreated sample, but interdiffusion is not
at all evident in the picture of the treated sample. This
indicates that the barrier in the treated sample is very
stable.

4. Conclusion

Self-aligned TiN formation technology allows low-
temperature N, plasma bias treatment with the selective
CVD of TiSi, and makes it possible to form highly stable
ohmic contacts with shallow junctions of multilevel inter-
connections without any deteriorative problems such as
interdiffusion reactions of Al to TiSi,.

We obtained a highly stable barrier and good resis-
tance to etching in a dilute HF solution. The process
is also much simpler than the sputtering deposition pro-
cess and requires fewer steps. We think that this is a
very promising technology for the fabrication of submi-
cron multilevel interconnections.
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