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Thin films of binary Ta—Si and ternary Ta—Si—N are deposited by reactive r.f.
magnetron sputtering of a Ta;Si; target within the N,/Ar ambient. The role
of composition in the resistivity, microstructure, and thermal stability of
sputtered Ta—Si—N films is studied using the Rutherford backscattering
spectrometry, X-ray diffraction, secondary-ion mass spectrometry, atomic
force microscopy, and sheet resistance measurements. Pure Ta—Si films are
found to be nanocrystalline. The addition of nitrogen leads to the father
process of grain fining resulting in formation of amorphous films with excel-
lent thermal stability. While Tag,Sis; starts to crystallize below 700°C, for
the most stable Ta;,Si,;N,; layers, crystallisation occurs above 900°C. The
films containing more than 40% at. of nitrogen prevent the metallurgical
interaction between the metal layer and GaAs and form exceptionally good
diffusion barriers above annealing at 800°C.

MeTtomamMu 00epHEHOTO Pe3epdOPAiBCHKOr0 PO3CiAHHA, PEHTTeHOAUDPAKITiti-
HOrO aHAaJi3y, Mac-CIeKTpoMeTpii BTOPUHHUX i0HiB, aTOMHO-CHJIOBOI MiKpO-
CKoOIIil, a TaKOYX BUMipIOBaHHS IIOBEPXHEBOI'O OIIOPY BUBUEHO POJIb CKJAAy B
OUTOMOMY OIIOPi, MiKPOCTPYKTYpPi Ta TepMiuHiil cTabilbHOCTI pO3mMUIEHUX
Ta—Si—N mriBok. Birapui Ta—Si ra morpifiai Ta—Si—N ToHKi miiBku ocamkeni
PeakTUBHUM BUCOKOYACTOTHUM MarHEeTPOHHUM poanuieHHAM MimeHi Ta,Si; B
N,/Ar rasosiii cyminri. Yueri Ta—Si naiBKu Maiu HAaHOKPUCTATIUHY CTPYKTY -
py. HomaBanHA a30oTy IPU3BOAUTH 0 3MEHIIIEHHA PO3MipiB 3epeH 10 aMmopdi-
3aI1ii mIiBOK 3 BUCOKOIO TepMiuHOIO cTabinbHicTIo. B Toi uac Ak Tag,Sizs moum-
Hae KpucraxisyBatuch Hu:KYe Big 700°C, kpucramizamia HaWOiIbIT CTIHKUX
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mapiB Ta,,Siy;N,; BinbyBaersea Burre Bix 900°C. ILniBky, 1m0 MicTaTh 6inbIre
40% ar. asory, 3amobiraroTh MeTaaypriliHiil B3aeMomii Misk 1rapom MeTtaay Ta
GaAs, a TAaKOK YTBOPIOIOTH BUKJIIOUHO XOpoIri qudysitiai 6ap’epu B pesyabTa-
Ti Bigmasy sa remmepatypu, surioi Big 800°C.

MeTtomamu 06paTHOTO pe3epdOpPIOBCKOTO pacCedHUA, PEHTTeHOAU(DPAKIIMOH-
HOTO aHajIuW3a, MAacc-CIIeKTPOMETPUUM BTOPUUYHBIX HOHOB, aTOMHO-CUJIOBOI
MUKPOCKOIINY, a TaKKe U3MEPEeHU s IIOBEPXHOCTHOT'O COIIPOTUBJIEHNA N3yUeHa
POJIb COCTaBa B yAEJIbHOM COIPOTUBJIEHUU, MUKDPOCTPYKTYPE U TEPMUUYECKOI
crabunbpHOCTH pacublieHHBIX Ta—Si—N nieHok. Bunapabie Ta—Si u TpoiiHbIE
Ta—Si—N TOHKUe IJIeHKHU OCaKJeHbl PEAKTUBHBIM BBICOKOUACTOTHHEIM MarHe-
TPOHHBIM pachblieHueM muiiieHu Ta;Si; B N,/Ar rasosoit cmecu. Yucteie Ta—
Si mIeHKN MMesn HAaHOKPUCTAJLINYECKYIO CTPYKTYpY. [lobaBienue asora Be-
eT K YMEeHBIIIEHUIO pPasMepa 3epeH 10 aMopdu3anuy IJIeHOK C BHICOKOH Tep-
MUYECKOI cTabmiIbHOCThI0. B To Bpemsa Kak Tag,Si;; HaunmHAET KPUCTAILINI0-
BaTbcsa HuKe 700°C, KpucTaaimsanus caMbIX yCTOHUMBBIX cioeB Tag,SiysNy,
mpoucxonut Beime 900°C. ILienku, cogepaxarue 6osbire 40% at. aszora, 1pe-
JOTBPAIAIOT METAJJIyprudecKre B3aMMOJEHCTBUA MEXAY CJIOEM MeTajljia U
GaAs, a Tak:Ke 00pa3yIoT NCKJIIOUNTEJIbLHO X0poIlie 1uddysnoHHble 6apbephl
mpu oTsxure Boirre 800°C.
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1. INTRODUCTION

Initiated by the demands of high temperature and high power III-V
electronics, the long-term stability of ohmic and Schottky contact
systems on GaAs and different conducting encapsulants, have been
extensively studied. These contact layer systems generally include
diffusion barrier that prevents the metallurgical reaction between
metallization and semiconductor substrate [1]. Various polycrystal-
line thin films such as TiN [2], HfN [3], and WN [4, 5] have been
investigated as diffusion barrier in contact metallization. Among
these evaluated films, amorphous thin films are considered as the
most promising candidates, because they lack grain boundaries that
eliminating fast diffusion paths [6—8].

Recently, amorphous Ta—Si—N films have been one of the most
crucial barriers for both Al and Cu metallizations of Si devices [6—
11]. They have excellent diffusion barrier properties and ther-
mal/chemical stability against high temperature annealing due to
the fact that amorphous to crystalline phase transition takes place
above 900°C [6—-10, 12].

In a given work, we have investigated the deposition processes
and thermal stability of amorphous Ta—Si and Ta—-Si—N thin films
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on GaAs substrates. This study was focused on the effect of nitro-
gen content in Ta—Si—N thin films on microstructural, electrical
and barrier properties. The failure mechanisms of different Ta—Si—
N barriers are also discussed.

2. EXPERIMENTAL

Tantalum-silicon-nitride films were deposited by reactive radio fre-
quency (r.f.) magnetron sputtering method. Sputter deposition was
carried out in a gas mixture of N, and Ar. For process evaluation
and thin film characterization, 100 nm thick films were deposited
on semi-insulating GaAs(100)-oriented wafers cleaned using stan-
dard procedure [13]. The sputtering conditions used in the work are
listed in Table 1.

The film thickness was measurement by Tencor o-step profilome-
ter and film resistivity was calculated from the sheet resistance (R,)
measured by a four-point probe. The electrostatic accelerator Lech
at SINS Warsaw was applied to perform the Rutherford backscat-
tering spectrometry (RBS) using the 2 MeV He' ions and the
“N(d, ®)'? nuclear reaction analysis (NRA) measurements. Kinetic
energy spectra of backscattered ions and the content of nitrogen, as
determined by NRA [14], were used with the RUMP code [15] for
the elemental analysis.

In order to characterize the thermal stability, Ta—Si and Ta—Si—N
films were annealed at 400—1000°C for 5 min in Ar ambient.

Before and after the thermal annealing, the samples were charac-
terized by sheet resistance measurements and secondary-ion mass
spectrometry (SIMS) depths’ profiling. SIMS analysis was per-
formed with a Cameca 6F instrument with a caesium primary ion
beam and detection of CsX" secondary cluster ions. The microstruc-
ture of thin films was investigated by X-ray diffraction (XRD) us-
ing Philips X’Pert—MPD equipment with CuK,, radiation. The sur-
face morphology of the films was examined using a NanoScope IIla
Dimension 3000TM atomic force microscope (AFM) in taping mode.

TABLE 1. The experimental conditions and deposition parameters.

Target Ta;Si; (99,95% pure, & 7.5 cm)
Target-to-substrate distance 6.5 (cm)

Initial vacuum <1-107% (mbar)

R.F. power 200 (Watts)

Argon flow 100 (sccm)

Nitrogen flow 0-20 (sccm)

Total gas pressure 4-1073 (mbar)
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3. RESULTS AND DISCUSSION
3.1. Properties of As-deposited Ta—Si—N Films

The compositions of Ta—Si—N thin films sputter-deposited in various
N,/Ar flow ratios are shown in Fig. 1. The N concentration increase
and the atomic ratio Ta/Si decrease with increasing nitrogen-to-argon
flow ratio, with a tendency to saturation for large flow ratio. The N
content in the films increases from 0 to 50 at.% as N,/Ar ratio in-
creases from 0 to 20% , because a greater quantity of reactive nitrogen
incorporates into the film during the sputtering process. The decrease
in the Ta/Si ratio with increasing nitrogen concentration is attributed
to differences in sputtering yields of the Ta and Si component with
changing sputtering conditions [12].

The inset in Fig. 1 indicates the resistivity of as-deposited Ta—Si—N
thin films as a function of N concentration. When the N,/Ar flow ratio
is lower than 10%, the electrical resistivity rose slowly from approxi-
mately 270 nQcm for Tag,Sis; film up to 750 nQem for the Tag,SiysNy,
film. However, when the flow ratio is higher than 10% , nitrogen con-
tent in the Ta—Si—N films exceeds 40 at.% and the resistivity increases
abruptly to 1400 nQcm and larger. A Ta,gSiy,N5, film has about 38 250
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Fig. 1. The nitrogen concentration and Ta/Si atomic ratio as a function of
N,/Ar flow ratio. (Inserted figure: The resistivity as a function of the ni-
trogen concentration).
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Fig. 2. X-ray diffractograms of Ta—Si—N films sputtered in different
N,/Ar gas mixture.

nQcm (not shown here). For contacts of submicron dimensions, a films
resistivity below about 1000 nQcm is required [7]. In order to under-
stand the reasons behind the change in film resistivity, the micro-
structures of these Ta—Si—N films were examined.

Figure 2 shows the X-ray diffraction spectra of the Ta—Si—N films
sputtered in various N,/Ar gas mixtures. The broad peak centred
about 20 = 38° for the as prepared nitrogen-free film indicate the exis-
tence of a nanocrystalline structure as earlier reported in the literature
[9, 16]. The addition of N to the Ta—Si films causes a slight shift of the
peaks to a lower angle and decreases the intensity, indicated in decreas-
ing grain sizes resulting in amorphous films. Calculations of the mean
grain size based on the Scherrer formula give values of approximately
4 and 3 nm, for Tag,Sis; and Ta;;Siy Ny, films, respectively. Similar ob-
servations have been reported in literature [9, 17, 18]. AFM measure-
ments also suggest that the structure of the Ta—Si—N films is amor-
phous. As seen in Fig. 3, a and Fig. 5, a, the sputtered films are nearly
free of extended defects and extremely smooth, having a roughness of
less than 0.5 nm.

These results suggest that the N impurity suppresses the reaction
between Ta and Si and prevents the growth of Ta silicide microcrystal-
lites by the passivation of a grain boundary with N [10]. It has been re-
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Fig. 3. AFM surface image of GaAs/Tag,Si;; samples: a—as-deposited and
annealed at 600°C for 5 min; b—annealed at 700°C for 5 min.

ported that Ta—Si—N films with higher N concentration consisted of a
combination Ta—Si, Ta—N and Si—N bonds [12]. The presence of Si—N
bonds is attributed to cause the amorphous nature of the high N con-
taining films. The change of structure from nanocrystalline to amor-
phous correlation with sharply increases in film resistivity.

3.2. Thermal Stability of Ta—Si—N Films

X-ray and resistivity measurements results of GaAs/Ta—Si—N samples
annealed at various temperatures are summarized in Table 2.
Investigations concerning the thermal stability of the nitrogen-free
layer show the preservation of the nanocrystalline structure up to ap-
proximately 600°C. Above this temperature crystallization can be ob-
served resulting in the formation of polycrystalline Ta;Si; and TaSi,.

TABLE 2. Results of X-ray analysis and resistivity measurements of Ta—Si
and Ta—Si—N films after annealing at various temperatures.

Microstructure e 3
(XRD results) Resistivity (107 Qcm)
Thin Film |As-deposited Phases at As-
hase crystallization de 800°C |900°C | 1000°C
P temp. (°C) p-
TagSi;; nanocrystalline L2553 T8l g 979 o170 - -

(= 700)

Ta,Si;, TaNgs

(= 1000) 0.750 0.750 0.685 0.650

Taz,Si,;N,;  amorphous
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Fig. 4. SIMS profiles of GaAs/TagSiz; contacts: a—as-deposited and an-
nealed at 600°C for 5 min; b—annealed at 700 and 800°C for 5 min.

Figure 3 shows surface morphology of Ta4,Si;; films before and after
annealing. The surface of as-deposited films is very smooth with mean
roughness about 0.25 nm, and no noticeable change was observed up to
600°C annealing. The roughness increased to 3.5 nm after heat treat-
ment at 700°C and coincided with the growth of 60 nm long crystallites
(Fig. 3, b).

The influence of heat treatment on composition profiles of
GaAs/Ta4Sig; contacts is presented in Fig. 4. It shows that the
GaAs/Tag,Sis; interface remain stable up to annealing at 600°C for 5
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Fig. 5. AFM surface image of GaAs/Ta,,Si,;N,; samples: a—as-deposited
and annealed at 900°C for 5 min; b—annealed at 1000°C for 5 min.
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min. At higher-temperature annealing, the SIMS spectra shows sig-
nificant interdiffusion of the elements at the interface (Fig. 4, b).

The X-ray diffraction analysis of Ta3,Si,;;N,; films showed no change
in phase and structure during the annealing in the range of 500-900°C
for 5 min in Ar ambient. The Ta;,Si,;;N,; films sputtered at N,/Ar gas
flow ratio of 10% crystallize at about 1000°C and formed polycrystal-
line Ta;Si; and TaN,z. Figure 5 shows surface morphology of
Tay,SiyNy; films before and after annealing. The surface of film re-
mained very smooth, with a roughness of about 0.35 nm, even after
annealing at 900°C, and did not exhibit features, which could be con-
sidered as grain boundaries. However, after heat treatment at 1000°C
the roughness increased to 1 nm and crystallites of about 20 nm was
observed.

The results of SIMS analyses of GaAs/Ta3,Si,;;N,; interface before
and after annealing are presented in Fig. 6. It shows that the
GaAs/Ta3,Si,;;N,; interface remain stable up to annealing temperatures
of 800°C. In addition, as shown in Fig. 6, b, sharp interface between
GaAs and metallization, with no sign of Ga outdiffusion after 900°C
annealing is preserved. However, after annealing at 1000°C, SIMS
spectra showed significant interface deterioration. The results showed
Ta and Si indiffusion, and significant Ga outdiffusion into Ta;,Siy;;N,;
film.

Thus, TagSis; and Tag,Siy;Nyy films, after annealing at temperature
above 600 and 900°C, respectively, show crystallized grains. This
grain boundary probably was the fast diffusion path, which explains
both the outdiffusion of Ga and As and the metallurgical reaction be-
tween the metallization and the GaAs substrate.
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Fig. 6. SIMS profiles of GaAs/TaySi,;N,; contacts: a—as-deposited and
annealed at 800°C for 5 min; b—annealed at 900 and 1000°C for 5 min.
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The resistivity of the films before and after annealing is listed in
Table 2. The error of the measurement is estimated to be about 10%.
The crystallization and/or growth of a finer grain during the anneal-
ing is believed to be responsible for the decrease in the film resistivity
from 270 nQcm to 170 pQem for the Tag4,Siz; film annealed at 800°C,
and from 750 pQcm to 650 nQem for the Tay,Siy;N,; film annealed at
1000°C. The drop in film resistivity of Ta;,Si;;N,; after annealing at
900°C may be explained by a relaxation of the atomic disorder in amor-
phous materials.

4. CONCLUSION

Tantalum-silicon-nitrogen thin film with excellent diffusion barrier
properties was reactive r.f. sputter deposited onto GaAs(100) sub-
strate using a Ta;Si; target in a mixture of Ar (100 sccm) and N, (10
sccm) gases at a total pressure of 4-10° mbar. The as-deposited
Tas,SiyNy film was amorphous and crystallizes at 1000°C, as identi-
fied by X-ray diffraction analysis. The resistivity of Ta;,Si,;N,; film of
about 750 nQcm is adequate for contacts of submicron dimensions.
XRD, AFM, and SIMS results indicate that Ta;,Si,;N,; is thermally sta-
ble on GaAs up to 800°C. Results of [19] show that 100 nm thick
Tas,SiyN,; diffusion barriers prevent interdiffusion between Au and
GaAs up to 800°C and can be used in the application of high tempera-
ture electronics.
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