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TECHNOLOGY AND COMPARATIVE INVESTIGATION OF
TERNARY W-TiN AND Ta(Ti)-SiN THIN FILM DIFFUSION BARRIERS

© A.V. Kuchuk, V.P. Kladko, V.F. Machulin, A. Piotrowska'

V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of
Ukraine,
Kyiv, Ukraine;

“Institute of Electron Technology, Warsaw, Poland

A comparative investigation of W-Ti-N, Ta-Si-N and Ti-Si-N thin films, deposited by reactive magnetron
sputtering of W-Ti (30 at.%), TasSi; and TisSi; targets, respectively, in a various gaseous mixture of Av/N; is
presented. The chemical and phase compositions, electrical conductivity, thermal stability as well as diffusion
barrier performances of investigated W-TiN and Ta(Ti)-SiN thin film diffusion barriers, have been study using
Rutherford backscattering spectrometry (RBS), X-ray diffraction (XRD), four-point probe sheet resistance
measurements, secondary ion mass spectrometry (SIMS), optical and atomic force microscopy (AFM).

1. INTRODUCTION

Gold based metallization is still good and wide
employed in technology of GaAs devices and related
ICs. A one disadvantage of this metallization is reacti-
vity of gold with GaAs in working devices at
enhanced temperature. This leads to reducing stability
of parameters and lifetime of devices. Many works in
last 20 years were devoted to elimination or
suppression the Au-GaAs reaction by introducing a
diffusion barrier separating contact region from gold
overlayer used as interconnection lines and wire
paths.

Good diffusion barriers promote the low
diffusivity of metals, low resistivity and the high
thermal and chemical stability of the thin film in
semiconductor high-temperature metallization. The
exceptional combination of properties of transition
metal (TM)-nitride as well as TM-Si-N films such as
fairly low resistivity, amorphous, thus free of fast
diffusion paths microstructure, high thermal and
chemical resistance makes these materials of choice
for diffusion barriers in metallization systems to
semiconductor devices.

This work will show an approach of W-Ti-N, Ta-
Si-N and Ti-Si-N thin film diffusion barriers
technology for gold-based metallization to GaAs
devices.

2. EXPERIMENTAL PRPOCEDURE

Thin films of W-Ti-N, Ta-Si-N and Ti-Si-N were
prepared by magnetron sputtering from W-Ti
(30 at.%), TasSi; and TisSi; targets, respectively, in
Ar (purity: 99.999 %) and Ar/N, (purity: 99.999 %)
gas mixture, using Leybold Universal Coating System
(Fig. 1). Parameters of deposition: W-Ti-N (target
power 300 W; nitrogen partial pressure Pynp=0-
0.35 Pa; total gas pressure P +Py; ~0.5 Pa); Ta-Si-N
(target power 200 W; nitrogen flow fy; =0-20 scem;

argon flow f,, = 100-130 sccm; total gas pressure
PartPn2~ 0.5 Pa); Ti-Si-N (target power 450 W;
nitrogen flow fy,=0-15scem; argon flow f5,=150sccm;
total gas pressure Py, + Pn; ~ 6.5 Pa).

The GaAs (100) substrates were cut into
10x10 mm pieces, degreased in organic solvents in an
ultrasonic bath (trichloroethylene, acetone, methanol),
and following etched.

Films, as-deposited and annealed structure
Au/films/GaAs, were characterized by RBS, XRD,
SIMS, AFM, four-point probe sheet resistance
measurements and optical microscopy.
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generator : geherator

Mass Bow
meter
Ar = Nz

Fig.1. Design of magnetron sputtering system for
deposition of thin films

3. RESULTS AND DISCUSSION
3.1. W-Ti-N THIN FILMS

The influence of nitrogen partial pressure (Pn,) on
the W-Ti-N film chemical and phase composition,
electrically resistivity is shown in Fig.2. The N

|

i e Y A




I

RS

v#Pasden | Memodsi curme3a moHKUX nneHoK u 06pabomku nogepxHocmedl 8 OMMUKE U HaHO3MEKIMPOHUKe <<

content in the films increases with the N, partial
pressure and tends to saturation when the Py, exceeds
0.2 Pa, because a greater number of reactive nitrogen
incorporate into the film during the sputtering
process. The increase in N concentration may also be
related to the drop in sputtering rate with increasing
N, partial pressure, because nitrogen had more time to
react and to be incorporated into the film [1]. The
decrease in the deposition rate results partly from the
lower efficiency of the nitrogen atoms with regard to
argon atoms and partly from the target poisoning
effects where the sputtering yield for nitride is much
smaller than the metal. Between the values of
Py2=0.02-0.05 Pa, the deposition rate drops more
steeply, which 1is indicative of changes in the
sputtering mode (transition from a metallic to a nitride
target), as well as in the film structure (from
amorphous to polycrystalline films).

XRD  measurements  indicate  that  the
crystallographic structure of sputter-deposited W-Ti-
N depends on the concentration of nitrogen in the
films. The XRD analyses reveal that the film
deposited in pure Ar consists of a B-W matrix seeded
with fine o-Ti precipitates. A broadened X-ray
diffraction peak is observed in We,TijgNy film
deposited at Pyp=0.02 Pa, indicating in complex
character of the phase changes which occur when the
nitrogen content of the films increases. Ternary
W4 Ti14Ny films may be described as a dense mixture
of ultrafine crystallites of tungsten, TiN, W,N and/or
Ti;,N and amorphous phase. At high nitrogen
concentrations N>30 at.%, a single f.c.c. phase was
observed. This crystal structure could be interpreted
in terms of a mixed phase (solid solution) W,N/TiN
(Wi TiNy).

From the dependences of reactively sputtered W-
Ti-N films resistivity on partial pressure of nitrogen
Pny, it can be seen that electrical resistivity of as-
deposited W-Ti-N thin films increases with increasing
of Pno. The increasing takes place due to a gradual
incorporation of nitrogen atoms into the films. The
resistivity of pure binary WoTiy, film (formed only
with argon gas) is about 118 pQ-cm and rises slowly
up to 370 pQ-cm for the ternary Wy3Ti,Nys film. The
film resistivity increases steeply, if the nitrogen
concentration exceeds 45 at.%. The increasing of film
resistivity can be caused by following reasons: (i)
electron scattering by incorporated Ti and N atoms in
the W lattice which acts as impurities; (ii) the
saturation of the matrix with nitrogen atoms
(decreasing of metal atoms amount and increasing of
correspondent inter-atomic distances); (iii) formation
of nitride phases. The abrupt increasing of resistivity
for films containing nearly the same number of
nitrogen atoms (from 50 to 55 at.%) can be attributed
to the grain size decreasing. It is about 20 nm for
WaoTi10Nso (497 uQ-cm) and about 14 nm in the case
OfW34Ti11N55 (894 HQCITI)
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Fig. 2. XRD diagrams, composition and resistivity of
as-deposited W-Ti-N thin films

For GaAs/WeTijNy/Au sample, the sheet
resistance remains nearly unchanged up to annealing
temperature of 750°C and increase drastically upon
annealing at 800°C, indicating a significant failure of
the diffusion barrier [1]. The RBS spectra of as-
deposited and annealed at 750°C samples overlap
(Fig. 3), indicating that intermediate a Wg4Ti;gNag
barrier prevents the interaction between Au and GaAs.
It is obvious that this barrier fails as a result of
annealing at 800°C.
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Fig. 3. RBS spectra from as-deposited and annealed
at 750 and 800°C (Ar, 5 min.) GaAs/Ws,Ti ;sNyy/Au

Structures
3.2. Ta-Si-N THIN FILMS

Ta-Si-N films are X-ray amorphous in the as-
deposited state, exhibited broad diffraction “halo”
characteristic of an amorphous material (Fig. 4). With
increasing nitrogen content, the position of the
diffraction peak shifts to low angles and peak with at
half maximum increase, indicating a change of the
shot-range order of the Ta and Si atoms (the average
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distance between atoms increase). Increase of the
“degree of amorphism” agrees with change of
chemical composition and an increase of Ta-Si-N
films resistivity. It has been shown [2,3], that the
increase in amount of nitrogen in sputtering plasma
leads to: (i) increase of nitrogen concentration and
decrease of Ta/Si atomic ratio in the films, due to the
incorporation into the film of nitrogen atoms from the
plasma; (ii) increase of crystallization temperature of
the films; (iii) increase of films electrical resistivity.

Sharp increase of resistivity and amorphous
nature of the high N containing films is due to the fact
that fraction of silicon nitride Si; N, (nonconducting
and amorphous) rises and of tantalum nitride Ta,. Ny
(conducting and polycrystalline) decreases, with
increase of nitrogen content in sputtering plasma [4].
These films may be viewed as a mixture of tantalum
nitride imbedded in a silicon nitride amorphous
matrix, what has been described in [5]. This model
explain microstructure, thermal stability and excellent
diffusion barrier performance of ternary Ta-Si-N thin
films with N content more than 40 at.%. As was be
shown in [2], the XRD investigation of Ta;4Si 5Ny,
film, show no changes in amorphous state, up to
annealing at 900°C in Ar flow for 5 min. Ta34Si;sNy;
film crystallised at 1000°C and formed TasSi; and
TaNy g phases.

For diffusion barrier applications, the resistivity
values of as-deposited thin films must be below of
1000 pQ cm [5].
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Fi lg 4. XRD diagrams, composition and resistivity of
as-deposited Ta-Si-N thin films

At that point the Ta-Si-N films, contains below
34 at.% of tantalum, 25 at.% of silicon, 41 at.% of
nitrogen atoms, having resistivity less by 810 uQ cm
was chosen for diffusion barrier performance
investigations, in Au-GaAs contact metallization.

A result of investigations of antidiffusion
properties of Ta-Si-N thin films [2-4], shows that
TazSipsNy  exhibits  excellent  diffusion  barrjer
properties. The sheet resistance of
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Au/Ta3,S1sNy /GaAs structure remains nearly un-
changed up to annealing temperature of 800°C,
indicating in no-interaction between contact metalli-
zation systems and substrate. That assumption is
confirmed by RBS analysis of structure depth profiles
distribution of elements. The RBS spectra for as-
deposited and annealed at 800 °C samples overlap
(Fig. 5), indicating that the intermediate amorphous
Ta;z4Si,sNy; film totally prevented the interaction
between Au and GaAs.
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Fig. 5. RBS spectra of GaAs/Ta;,SizsNy/Au samples,
before and afier annealing in Ar at 800°C for 5 min

3.3. Ti-Si-N THIN FILMS
The compositions of Ti-Si-N thin films sputter-
deposited in various Ny/Ar flow ratios are shown in
Fig. 6. The N concentration increase and the content
of Ti and Si atoms decrease with increasing nitrogen-
to-argon flow ratio, with a tendency to saturation for
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Fig. 6. Compositions of Ti, Si and N in the
reactively sputtered Ti-Si-N films, as a function of
N, 2 ﬂOW

large flow ratio. The N content in the films increases
from 0 to 59 at.% as Ny/Ar ratio increases from 0 to
15 %, because a greater number of reactive nitrogen
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incorporate into the film during the sputtering
process.

The Ti/Si ratio in nitrogen-free Ti-Si film is 1.4,
as well compared to 1.6 in TisSi; target material,
which indicates preferential sputtering with Ti
enrichment. By adding nitrogen to the sputtering
plasma, this ratio remain nearly unchanged indicating
in similar sputtering yields of the Ti and Si
component, with changing of sputtering conditions.

For higher nitrogen amounts, the decrease of Ti
content in Ti-Si-N films was noted.

Fig. 7 shows the resistivity of as-deposited Ti-Si-
N thin films as a function of N, flow. When the Ny/Ar
flow ratio is lower than 4 %, the electrical resistivity
rose slowly from approximately 312 pQQ cm for
TisgSis; film up to 1000 pQ cm for the ternary
Ta,7S1,0N35 film. But, when the flow ratio is higher
than 4 %, nitrogen content in the Ti-Si-N films
exceeds 53 at.% and the resistivity increases abruptly
to ~ 3000 pQ cm and larger. A Ta,3515Nsq (at Ny/Ar
=10 %) film has about 26600 uQ cm. Increase of
resistivity may be attributed to increase content of
nonconducting Si; N, fraction, and decrease of
conducting Ta,, N, fraction.

107" 5 .
Ti-Si-N:
P =450 W
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Fig. 7. Resistivity of reactively sputtered Ti-Si-N
films, as a function of N, flow

Fig. 8 shows the sheet resistance changes for
various GaAs/Ti-Si-N/Au samples with annealing
temperature. The initial sheet resistance of all the as-
deposited samples corresponds to the resistivity of
highly conductive Au overlayer (the resistivity of both
semi-insulating GaAs substrate and Ti-Si-N barrier
layer exceeded that of Au film). For Ti-Si-N barrier
layers, first annealing steps at 400°C caused the
decrease of sheet resistance by about 20% for all
GaAs/Ta-Si-N/Au samples. As this reduction is not
due to metallurgical or chemical reactions, it may be

explained by thermally activated grain size growth in
the gold layer.

An increase of sheet resistance  for
GaAS/Ti34Si26N40/Au and GaAS/Ti3osi22N4g/Au
samples, after annealing at > 600°C indicates that
these barriers failed. For GaAs/Tiz6S1,5Ns7/Au sample,
barrier degradation begins after annealing at 700°C.

In contrast, for GaAs/TiySixNs:/Au and
GaAs/TiySi9Nss/Au samples, the sheet resistance
remains nearly unchanged up to annealing
temperature of 800°C. Ti-Si-N films with nitrogen
concentration from 53 to 55 at.% prevent interactions
between Au and GaAs temperatures up to 800°C.

"1 —s—Gaas/Ti SI, N, /AU
12 —e—GaAs/Ti_Si_ N _/Au

30722 48

101 —o—GaAs/Ti_Si, N_/Au

27720 53

—A— GaAs/Ti Si. N./Au

26719 55

6] —o—GaAs/Ti,Si N, /Au

Sheet Resistance (Q/square)
«©
1

0 4(I)0 ' 560 660 ' 7(I)0 8(])0
Annealing Temperature (°C)
Fig. 8. Sheet resistance of GaAs/Ti-Si-N/Au samples

annealed at temperatures from the range 400 to
800°C

4. CONCLUSIONS

The relationship between magnetron deposition
parameters (especially, nitrogen content in sputtering
plasma) and properties (chemical and phase
compositions, electrical resistivity, thermal stability,
diffusion barrier performance) of W-TiN and Ta(Ti)-
SiN thin films has been studied.

The model, explanation the correlation between
deposition parameters, formation mechanism and
properties of W-TiN and Ta(Ti)-SiN thin films has
been proposed.

By optimizing the parameters of sputter
deposition, the 100 nm thick thin film diffusion
barriers, prevents the interaction between Au and
GaAs under annealing at 750°C for WgsTi;7N1g, and at
800°C for Ta34Si25N41, Ti27SiZQN53 and Ti268i19N55.
This fact indication on usefulness of W-TiN and
Ta(Ti)-SiN thin films, in high temperature and high
power electronics application.
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TEXHOJIOT'HA H CPABHHTE/IbHOE
HCCIIENOBABHE TPOUHBIX
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TOHKOIIIEHOYHBIX JHD P Y3IHOHHBIX
BAPBLEPOB W-TiN H Ta(Ti)-SiN
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Ipedcmasneno cpasnumensbhuoe ucciedosanue
monxux nienok W-Ti-N, Ta-Si-N u Ti-Si-N, nonyuen-
HbIX PEAKMUGHBIM MAZHEMPOHHBIM PACHbINCHUEM MU~
weneti W-Ti (30 am.%), TasSi; u TisSi; coomeemcm-
8EHHO, npu pasnudnelx coomuowenusx Ar/N, e zazo-
6o cmecu. Xumuueckutl u pazoewlii cocmag, IneKm-
puuecroe yOenbHoe COnpOmuneHue, mepmuveckas
cmabunbHOCmMe U aHMUOUG@hy3uonusle ceolicmea uc-
cnedyemblX MOHKONAEHOYHBIX QUGPY3UOHHBIX bapve-
pos W-TIiN u Ta(Ti)-SiN nposodunuce ¢ ucnonv3osa-
Huem Memoda pe3epdopoosckozo 06pamHo20 pac-
ceanua (POP), peumzenosckoii ougppaxyuu (P]), ue-
MBIPEXZOHO0E020 MEMOOQ, BIMOPUUHO-UOHHOU MACC
cnexkmpomempuu (BHUMC), onmuueckozo u amomuo-
CUNOBO20 MUKPOCKONA
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