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Abstract—Ta-Si—N Ternary barrier films were obtained by reactive rf magnetron sputtering of a TasSi; target
in an Ar—N,, gas discharge. The films were tested as diffusion barriers between Au and GaN layers. The effi-
ciency of these films as diffusion-suppressing barriersis determined by transmission el ectron microscopy, sec-
ondary-ion mass spectroscopy, and X-ray diffraction analysis. It is shown that the diffusion barrier with opti-
mized properties (Tag,SiosN,44) in an Au/GaN metallization system can be used to advantage at temperatures
above 800°C. A correlation between the composition, microstructure, resistivity, thermal stability, and diffu-

sion-suppressing properties of the filmsiis discussed.
PACS numbers; 81.07.-b
DOI: 10.1134/S1063784206100227

INTRODUCTION

Owing to their unique properties, nitride 1=V
semiconductors are viewed as a promising material for
high-power, high-frequency, and temperature-stable
electronic devices [1]. However, a maximal operating
temperature (as well as power and frequency) of
devicesbased on I11-V nitridesislimited by the lack of
stable metallic contacts, rather than by the properties of
the semiconductor compounds themselves. Pure metals
usually used in Schottky barriers and ohmic contacts
react with the semiconductor, causing interdiffusion at
the metal—semiconductor interface and, thereby, degra-
dation of the devices operating at high temperatures[2].
Usually, such reactions are prevented by producing a
thin diffusion barrier between the metal and semicon-
ductor [3].

The extraordinary combination of the properties of
Ta—Si—N films, such as a rather low resistivity, amor-
phous microstructure (the absence of grain boundaries,
which greatly enhance diffusion), chemical inactivity,
and thermal stability, makes these materials indispens-
able for metallization systems in semiconductor
devices. In addition, it was demonstrated [4—7] that thin
Ta-Si—N films can be used as diffusion barriers in Al
and Co metallizations of silicon devices.

Previoudly [8, 9], we investigated the effect of dep-
osition parameters on the properties and thermal stabil-
ity of amorphous Ta=Si-N films of different composi-
tion, aswell as on their performance as diffusion barri-
ersin Ag and Au metallizations of GaAsdevices. It was
shown that a Tag,Si,sN,; film 100 nm thick suppresses

interdiffusion between Ag or Au and GaAs during
annealing at 750 and 800°C, respectively.

In this study, thin Tag,SisN4, films were tested as
diffusion barriers between Au and GaN. A relationship
between the composition, microstructure, resistivity,
thermal stability, and diffusion-suppressing properties
of the films is found, and optimal thin-film deposition
conditions are determined.

EXPERIMENTAL

Thin Ta=Si-N ternary films were prepared by reac-
tive rf magnetron sputtering of a TasSi; target in an Ar—
N, plasmawithout intentional cooling or heating of the
substrate. The deposition parameters were the follow-
ing: the gas flow rate ratio during sputtering was
N,/Ar = 10%; the total gas pressure, 0.4 Pa; the power
density at thetarget, 1.7 W/cm?; and the deposition rate,
38 nm/min. The deposition chamber and process of
deposition by reactive sputtering of Ta—Si—N filmswere
described in detail in [8, 9].

The composition of the films (34 at.% Ta, 25 at.%
Si, and41 at.% N) was determined by Rutherford back-
scattering (RBS) of 2-MeV He* ions. The thickness of
the films measured by a profilometer was about
100 nm. The surface resistance of the 100-nm-thick
sputtered Tag,SisN,; films measured by the four-point
probe method was approximately 81 Q/1. X-ray dif-
fraction dataindicated that the as-deposited Tay,SiosNa;
films are amorphous.
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Fig. 1. X-ray diffraction spectra taken of the as-deposited
Ta-Si—N films with a different nitrogen concentration. On
the right, atomic ratio Ta: Si : N and the resistivity of the
films are shown.
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Fig. 2. SIMS element distributions over the depth in the
(a) as-deposited Au/Tag,SiosN4/GaN contact structures
and (b) the same structures annealed at 800°C for 5 minin
the Ar flow.

Magnesium-doped GaN epitaxial layers about 2 pm
thick with a carrier density of 1 x 10 cm grown by
MOCVD on sapphire were used as substrates for test-
ing the barrier performance of the Tay,SisNy, films
included in gold metallization. Before loading to the
deposition chamber, the GaN surface was cleaned
according to the procedure described in [10]. To char-
acterize the diffusion barrier, Au/Tay,SisN,/GaN
structures were prepared. A 90-nm-thick upper (gold)
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layer was deposited on a 100-nm-thick Tag,SiosN4; film
by dc sputtering of agold target at a power of 70W in
pure argon (0.5 Pa). After annealing for 5 min at 800°C
in an argon flow, the samples were investigated by
transmission electron microscopy (TEM), secondary
ion-mass spectroscopy (SIMS), and X-ray diffraction
(XRD) anaysis.

RESULTS AND DISCUSSION
Electrophysical Properties of Ta—S—N Films

In[8, 9], thin Ta=Si—N filmswith anitrogen concen-
tration in the range 0-50 at.% were studied. It was
shown that, asthe nitrogen concentration in the sputter-
ing plasma increases, so do the nitrogen concentration
in the films (simultaneously the Ta/Si atomic ratio
decreases), (ii) crystallization temperature of thelayers,
and (iii) resistivity of the films.

According to XRD data, the Ta=Si—N films were
amorphous in the as-deposited state: the XRD patterns
exhibited a wide diffraction halo typical of the amor-
phous material (Fig. 1). With anincreasein the nitrogen
content in the films, the FWHM of the diffraction peak
increases and the peak shifts towards lower Bragg
angles, indicating a degradation of the short-range
order of environmental Ta and Si atoms (the mean
atomic spacing increases). Theincrease in the degree of
amorphization correlates with achange in the chemical
composition and an increase in theresistivity of the Ta—
Si—N films. These findings are corroborated by X-ray
photoelectron spectroscopy data obtained in [6, 7],
which show that Ta=Si—-N films with a high nitrogen
concentration feature a combination of Ta=Si, Ta-N,
and Si—N bonds. The abrupt increase in the resistivity
and the amorphous structure of the high-nitrogen films
stem from the fact that the fraction of the poorly con-
ducting amorphous silicon nitride increases, whereas
the fraction of well-conducting polycrystalline tanta-
lum nitride decreases with an increase in the nitrogen
concentration in the gas phase. These films may be con-
sidered as a composite representing a silicon nitride
amorphous matrix with tantalum nitride inclusions (see
[11, 12]). This model explains why amorphous Ta-Si—
N films with a nitrogen content exceeding 40 at.% are
thermally stable.

To apply these films as diffusion barriers, the resis-
tivity of the as-deposited films should be less than
1000 uQ cm [13]. Therefore, the films containing
34 at.% tantalum, 25 at.% silicon, and 41 at.% nitrogen
with resistivity of 810 pQ cm were tested as diffusion
barriers.

Barrier Properties of Thin Tag,S,5Ny; Films

The element depth distribution profiles taken by
SIMS from Au/Tag,Si,sN4/GaN structures (both as-
deposited and subjected to heat treatment at 800°C are
shown in Fig. 2. As is seen, any considerable post-
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Fig. 3. TEM micrographs taken of the cross section of the
Au/Tag,SiosN41/GaN  samples (8) as-deposited and
(b) annealed at 800°C for 5 min in the Ar flow.

anneal redistribution of the elements over the depth is
not observed because of the abrupt Au/Tay,SiosN,, and
Tag,SisN,4,/GaN interfaces both in the as-deposited and
annealed structures. In addition, the shape of the signal
from the Au film remains almost unchanged, since Au
diffusion into the substrate through the Tag,Si 5N, bar-
rier after annealing at 800°C for 5 min is absent. This
indicates that the resulting diffusion barrier hinders
interdiffusion processes in the Au/Tay,SisN,/GaN
contact during thermal annealing.

To gain insight into the therma stability of the
AulTag,SisN, and Tag,SisNa/GaN interfaces, the
cross sections of the as-deposited and annealed struc-
tures were examined under a transmission electron
microscope. Figure 3 shows the micrographs of the
cross section of the Au/Tag,Si,sN,,/GaN structureinthe
as-deposited state and after annealing. The absence of
any noticeable changes after annealing at 800°C indi-
cates that the interfaces remain sharp without any evi-
dence of compounding or mixing between the layers.
Besides, the Au—barrier and barrier—GaN interfaces,
being fairly smooth before annealing, remain such after
annealing. Finaly, the TEM micrographs suggest that
the Tag,SisN,; films are isotropic and amorphous
(unlike the Au films, which have a columnar structure)
and also that annealing at 800°C does not result in crys-
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tallization. Thisis consistent with the XRD datafor the
as-deposited and anneal ed contact structures, which do
not show the signs of new phases. Thus, it followsfrom
the SIMS, TEM, and XRD data that thin Tag,Si 5N,
films sandwiched in between Au and GaN layers sub-
jected to thermal annealing at 800°C may serve as effi-
cient barriersfor diffusion.

CONCLUSIONS

Our investigation shows that the structure, composi-
tion, resistivity, and barrier properties of Ta=Si—N films
areinterrelated. Optimal conditionsfor synthesis of dif-
fusion barriers with a nitrogen content of 41 at.% are
found. The microstructure of as-deposited Tag,SisN4;
films is amorphous, and the amorphous—crystalline
transition occurs at annealing temperatures exceeding
900°C [8]. Tag,Si,sNy, films of thickness 100 nm and
resistivity 810 nQ cm proved to be excellent diffusion
barriers. Thisis because the amorphous microstructure
persists, preventing metallurgical interaction between
Au and GaN during annealing for 5 min at 800°C. The
aforesaid demonstrates the potential of the filmsfor dif-
fusion barriers in advanced metallizations intended for
high-temperature, high-power, and high-frequency
electronic devices.

ACKNOWLEDGMENTS

This work was supported by the NATO Science for
Peace Program (project no. NUKR.RIG.981275).

REFERENCES
1. H. Morcos, S. Stite, G. B. Gao, et al., J. Appl. Phys. 76,
1363 (1994).
2. A. Piotrowska, Electron Technology. 24, 3 (1991).
3. M.-A. Nicolet, Thin Solid Films 52, 415 (1978).

4. E.Kolawa, J. M. Molarius, C. W. Nieh, et al., J. Vac. Sci.
Technol. A 8, 3006 (1990).

5. D.Fisher, T. Scherg, T. Bauer, et a., Microelectron. Eng.
50, 459 (2000).

6. D.J. Kim,Y. T. Kim, and J-W. Park, J. Appl. Phys. 82,
4847 (1997).

7. Y.-S. Suh, G. Heuss, and V. Misra, J. Vac. Sci. Technol.
B 22, 175 (2004).

8. A. Kuchuk, E. Kaminska, A. Piotrowska, et al., Thin
Solid Films 459, 292 (2004).

9. A. Kuchuk, J. Ciosek, A. Piotrowska, €t a., Vacuum 74,
195 (2004).

10. E. Kaminska, A. Piotrowska, K. Golaszewska, et d., J.
Alloys Compd. 371, 129 (2004).

11. M.-A. Nicolet, Defect Diffus. Forum 143-147, 1271
(1997).

12. M.-A. Nicolet, Microelectron. Eng. 55, 357 (2001).
13. M.-A. Nicolet, Appl. Surf. Sci. 91, 269 (1995).

Trandated by M. Lebedev



