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The thermal stability of two sputter-deposited Schottky contact metallizations incorporating Ta—
Si—N amorphous diffusion barriers and Au overlayers are compared using depth profiling by
backscattering spectrometry and secondary ion mass spectrometry as well as current—voltage
measurements. A6H-SiG/TaSh/TayeSisgN4o/Au metallization changes its Schottky barrier height

from 0.71 to 0.62 eV upon annealing at 600 °C for 30 min, while its ideality factor improves from

an initial value of 1.55 to 1.16. Both Schottky barrier height and ideality factor remain stable upon
successive annealing of the sample at 700 °C for 30 min and for an additional 90 min. The observed
stability is attributed to the thermal stability of TaSwith SiC and to the effectiveness of the
Ta-Si—N diffusion barrier evidenced in backscattering depth profiles. On the other hand, a
(6H-SiO/TageSi1aN40/Au metallization that does not include the silicide contacting layer becomes
ohmic after vacuum annealing at 600 °C for 30 min, while no signs of metallurgical interaction are
observed in its backscattering spectra. Using secondary ion mass spectrometry, diffusion of nitrogen
is observed from the Ta—Si—N layer into the 6H-SIiC substrate. It is tentatively suggested that
nitrogen penetrates the substrate through defects, induced in the sputter-deposition process.
© 2000 American Vacuum Sociefg0734-211X00)03005-5

[. INTRODUCTION the reliability of the contact metallization. The thermal sta-

Today's high power and high-temperature semiconductoP!lity of several metal/SiC contacts has been studied and in

devices are based mainly on silicon and GaAs. The temper&'-wSt of them the metals have been found to react with SiC at
ture limit for continuous operation of silicon-. and GaAs. levated temperatures. Schottky barrier height measurements

based devices is known to be 300 and 460 °C, respectivel h’ave been made mostly on as-deposited samples._ln the few
ported cases where long thermal treatment(@ min) at

when special fabrication measures and precautions are takén . R .
in their production-? For automotive, avionics, space, and temperatures higher then 500°C were applied, the Schoitky

high density packaging applications, there is a need for elecq'Od.es characterlstlc_s were found to change due to a metal—
emiconductor reactioh.

tronic devices that can operate at 600 °C. Wide band gaB . . .
A convenient way to achieve thermodynamically stable

semiconductors are the natural choice for high_term)errj‘turrei'wetallization is to use inert conductive materials or materials
applications, as they provide lower intrinsic carrier concen-

tration at a given temperature and thereby a large temperzsbat are known to. 'b.e chem|cally stable v.wth Fhe subs'trate,
ture range over which p—n junction can exist. e.g., silicon-rich silicides. Reactions of SiC with transition
Among the wide band gap materials that are availablénemls commonly result in a mixture of phases at the contact.
over an adequate range of doping and sufficiently low defec@ne way to av_md SL.“.:h a po_ly-pha_s_eql contact is to spuiter
density, silicon carbide offers the widest band gap, a hig eposit the de_swed ?'_"‘?'de using a silicide target. H.OWGV‘?“ a
thermal conductivity4.9 W/cm K), and an avalanche break- sputter-deposited silicide possesses polycrystalline micro-

down field (3< 1GP V/em), which is an order of magnitude structure, and thus may not be able to prevent diffusion of
larger than that of silico’n. Silicon carbide occurs in manyAu from the interconnect layer and its reaction with the SiC

polytypes differing from one another only in the stacking substrate(Au—SiC reaction has been observed already at

sequence of the double close-packed layers of Si and 00 Qb Tc: tf:g;eend, various diffusion barrier materials
atoms® The three most common polytypes of silicon carbide ave been tested. ,

are 3C—SiC Eg=2.2 V), 4H-SiC Eg=23.2 V), and 6H— Ta—Si—N belongs to a class of ternary amorphous films of
SiC (Eg=2.86 e\). The interest in the 6H polytype has the t_ype T_M—S|—N(TM:Ta, Ti, Mo, W). Th_ese fllms_stand
grown rapidly in the last decade, owing to new growth tech.0ut in their excellent performance as barrier materials, pre-

nigues, which made available epitaxial layers grown on bulkventmg the |nterd|ffu§|on or react.|on between Al, Cu, or A.u
material® and Si. Amorphous diffusion barriers are the most promising

In view of the high chemical stability and low intrinsic candidates for high-temperature metallizations as they do not
carrier concentration of the silicon carbides, their high_possess extended defects of the kind that provide fast diffu-

temperature applications will be limited by the stability and sion pths n polycrystallln'e materids.
In this article, we examine and compare the thermal sta-
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TaSh, layer. The purpose of this study is twofol@l) to  the series resistance, followed by a least-squares fit of the
confirm the applicability of Ta—Si—N as barrier layers be-correctedl vs V—IR curve to obtain the saturation current
tween Au and TaSi or 6H-SIiC, and(2) to determine density Js) and the ideality factor. The barrier height was
whether the thermal stability of thé6H-SiC\TaSi, and  calculated from the equatidh

(6H-SiG\Ta—Si—N contacts also applies to their electrical KT [ A** T2
characteristics. CDB:—In( ) , D
q Js
Il EXPERIMENTAL DETAILS where A** =72 Alcn?K? is the effective Richardson con-

stant for 6H-SiC.

The 6H-SIC wafer, used in this work, was purchased The packscattering samples were characterized by 2 MeV
from CREE Research, Inc. The wafer wasype, 280um  4ye*+ packscattering spectrometry to determine composi-
thick, with a 10um-thick n-type epilayer grown on its sili-  tional profiles and monitor interdiffusion or reactions in the
con face. The substrate and the epilayer were nitrogen dopaémples. The thickness of the Au layers was estimated from
with doping levels of 7.310" and 1x10'® cm™, respec-  the elemental bulk density and energy losses in the back-
tively. Prior to deposition, the samples were degreased i@cattering spectra. The thickness of Ta&id Ta—Si—N lay-
organic solvents in an ultrasonic baftichlorethylene, ac-  grs was estimated from the sputtering rates previously cali-
etone, and methanol, sequentiallZircular diodes of three prated using profilometry of thick samples. The
different diameterg0.05, 0.1, and 0.25 chwere fabricated compositions of the Ta—Si—N layers were calculated from
by photolithographic patterning and lift-off. The samplesthe relative signal heights of the elements in backscattering
were etched in a 10% HF solution for 10 s to clean up thespectra of thicker films, deposited under the same sputtering
contact windows and dried inj\gas just prior to deposition. ¢conditions on graphite substrates. These, however, are but
All films in this study were deposited by rf sputtering using yough estimates, with a typical error 6f20%. Due to the
a planar magnetron cathode of 7.5 cm in diameter. The subksmall size of the samples, variations in thée* * ion beam
strate plate was placed 7 cm below the target and was neith@frection, and insufficient beam focusing, a spurious signal
cooled nor heated externally. The sputtering system i$rom the carbon sample holder in addition to that of the
equipped with a cryopump and a cryogenic baffle with a basgamples could not be avoided. Hence, the conventional total
pressure of 410" Torr. charge method to calibrate the spectral yield could not be

The TaSj layers were deposited in Ar at 10 mTorr total gpplied. Therefore, the spectra were calibrated by integrating
pressure and 300 W root-mean-squanes) forward sputter-  counts from the surface energy of carb@605 MeVj up to
ing power. The Ta-Si-N films were deposited in a discharge g pev, assuming that mass was conserved.
of Ar/N2 gas mixture at a Nto Ar flow ratio of 0.036 and a Secondary ion mass SpectrochmMS) was carried out
total gas pressure of 10 mTorr. The Au overlayers films werg, 3 CAMECA IMS4f ion microscope. An C§ primary ion
deposited at 5 mTorr total pressure and 200 W rms fronmheam with an impact energy of 14.5 keV was used to moni-
elemental targets. The flow of Ar and the total gas pressurgy thel?ct, 14N*, 160", 305+ and!8Tat secondary ions.
were adjusted by mass flow controllers and monitored with e diameter of the analyzed area was &0, while the
capacitive manometer in a feedback loop. primary beam was rastered over an area of>2B80 um?.

Annealing was done after the deposition in an evacuate¢he measurement was repeated in four different spots on
tube furnace(at 5x 10" Torr). Samples for backscattering each sample to assess the lateral uniformity. The top Au
and for secondary ion mass spectrome®yMS) were pro-  |ayer was selectively etched from the samples before the in-
cessed concurrently with the diode samples. troduction into the measurement chamber. The depth was

To eliminate a possible effect of the top layers on thegstimated with+=10 nm accuracy from the depth of the
Schottky barrier characteristics, reference diode samples, i5\MS crater usingy-step profilometer.

corporating the contact metallization alone, were prepared
and heat-treated concurrently with the complete metalliza-
tion samples. lIl. RESULTS

Before and after the thermal annealing, the diode samples ) _ _
were characterized by current—voltade-¥) measurements - {6H=SICYTaSi>(50 nm)/TazSizoNao(80 nm)/
to determine the Schottky barrier height and the ideality facfa‘u (50nm)
tor. The |-V characteristics were measured using a HP- Figure 1 shows the backscattering depth profiles obtained
4145A parameter analyzer and were performed at room tenfrom a (6H-SiOTaSh(50 nm/TaySisgN4o(80 nm)/
perature. An indium—gallium alloy was used as a backAu(50 nm sample, before and after 30 min annealing in
contact. In all samples, it was verified that the current scaledacuum at 700 °C. Except for changes below the carbon sur-
with the area of the diode. This proves that it is the metalface energy, the spectra overlap within the experimental er-
epilayer interface that determines theV characteristics ror. The surface carbon signal is a spurious signal resulting
(and not the back contg¢tand that the current is not due to from an unfocused beam impinging on the carbon sample
a peripheral leakage but flows across the area of the contadtolder. Conversely, the forwardl—V characteristics
The |-V characteristics were analyzed using the thermioniof (6H-SiG/TaSk(50 nm)/TayeSingN4g(80 nm/Au(50 nm)
emission model. Lien’s methd8was employed to calculate Schottky diodes do change after 30 min annealing in vacuum
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TayeSiagN4o/Au before and after annealing in vacuum at 600 °C for 30 min.

at 600 °C from a barrier height of 0.70 to 0.61 eV and fromlap, within the experimental accuracy. Howeve+V char-

an ideality factor of 1.55 to 1.16. However, no significantacteristics change considerably after the same anneal-
changes were observed upon further annealing for an addirg. Figure 4 compares twd-V curves of a typical
tional 90 min at 700 °GFig. 2). To eliminate possible role of (6H—SiG/TageSi;aN5¢(80 nm/Au(45nm diode before and

the two top layers] -V measurements were made also onafter annealing. As deposited, the diodes possess a Schottky
(6H-SiC/TaSL(100 nm before and after the same heat barrier of 0.76 eV and an ideality factor of 1.27. After an-
treatment. The results were the same as for the completeealing thel -V characteristics become “soft” with a high

metallization within the experimental error. leakage current. The same “softening” was observed after
annealing in{(6H—SiC/TagsSi;sN5¢/80 nm) diodes as well,
B. (6H—SiC)/Ta3GSi14N5O(8O nm)/Au (45 nm) eliminating a possible role of the Au overlayer.

Th t inent diff bet the Ta—Si—N/SiC
As we discuss later, SiC and Ta—Si—N barrier material € Most prominent difterence between e 1a-s| I

b ted t id inert tact 0 at | system and the TagSiC system is the addition of nitrogen.
may be expected 1o provide an nert contact up fo a ea%ince backscattering has a low sensitivity to light elements,

700 °C. Therefore, it seems reasonable to expect that omigy, complemented it with SIMS. Two (6H—SiC/
sion of the TaSi layer should not affect the thermal stability TaueSiyNsg(80 NM/Au(45 nm) samples were used for SIMS.

tOf theTmtetalllfk?tloQ, Wmle Prﬂ'déﬁg ﬁ_ Ies;, cl\(l)mglgx St/ruc‘One was kept as reference, while the other was annealed in
ure. To test this hypothesi¢sH—SiG/TageSiiNso(80 nm .vacuum fo 2 h at 600 °C. The top Alayer was then etched

Au(45 nm samples were _deposited and annealed for 30 Mnd the samples were introduced into the SIMS vacuum
in vacuum at 600°C. Figure 3 shows the backscatterm% amber. SIMS depth profiles were obtained from four dif-

spectra before and after the annealing. Indeed, as expectq( rent points on each sample. The only element for which a
no change is observed upon annealing and the spectra over-

T v Y v T v T T
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(.;E—. 100 .V 600 C /30 muin gy AANAANNN as deposited
8 g1} © 700C/0min MFTTT0  as-deposited 3b © annealed 600°C -
s‘ A 700 C /90‘ ml 2 130 min
> 102 E
J‘a _— 2F <
3 o
E 10- 6 *é | Si fa{i i
= 104 'e : 1
=
£ 10sf O &)
=
0
S 106T°
0.0 0.1 0.2 0.3 0.4 . . 1 2
-1.0 -0.5 0.0 0.5 1.0
Forward voltage [V]
Voltage [V]

Fic. 2. A semilogarithmid —V plot of (6H—SiC/TiSi, /TayeSisgN4g/Au di-
ode forward characteristics as deposited and after successive vacuum ds. 4. |-V characteristics 0of6H—SiG/TageSi14sNso/Au before and after
neals at 600 and 700 °C. annealing in vacuum at 600 °C for 30 min.
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semiconductor interface. Assuming limited-source diffusion,

105 Y Y
3 the concentration can be described by the equ¥tion

<SiC>TaSiN

Nitrogen (Cs!4N+)

X2
N(x,t)=N0ex;<—4—Dt>, 2
wherex is the deptht is the annealing timetE& 7200 9, and
D is the diffusion coefficient. Using Eq2) the nitrogen
diffusion profile was found to fit a diffusion coefficient of
D=1.32x10 16 cné/s.

1045'

1035'

IV. DISCUSSION

The stability of TaSi in contact with SiC is known
a priori from the phase diagram. The 1000 °C isothermal
section of the Ta—Si—C phase diagram experimentally deter-
mined by Schustéf shows a tie-line between the TaSi
phase and SiC. The backscattering depth profiles in Fig. 1
confirm this stability for the specific case of sputter-
. A . \ N . ) deposited TaSi and 6H-SIC. However, in our case the
400 500 600 700 800 TaSh phase is a layer deposited onto the substrate, so that
the quality of the interface is dependent on the substrate
Sputtering Time [Sec] cleaning and preparation. It is likely that contamination,
Fic. 5. Secondary ion mass spectroscopy depth profiles of nitrogen ifvhich may be too thin to be detected by backscattering, is
(6H-Si0/TagsSi N5, obtained from an as-deposited sample and from apresent at the interface, and is responsible for the ideality
sample_ an_n_ealed f_or2h in vacuum at 600 °C. The data presented depicts thgctor of 1.55 in the as-deposited diodes. Another possible
T o e abserved, er 5ok on the ame 8 for the observed idealiy factor may be Ar trapped in
the contacting layer during the sputter-deposition process.
Trapped Ar is typical of sputter-deposited films and is also
difference was observed between the as-deposited and aevidenced in our backscattering spectra. Small atomic rear-
nealed depth profiles was nitrogen. However, the diffusiorrangement at the interface, e.g., redistribution of the trapped
was not laterally uniform. Figure 5 compares the nitrogenAr or interface impurities, could account for the improve-
SIMS depth profiles from an as-deposited sample and fronment of the ideality factor from 1.55 to 1.16 after the initial
annealed sample. The diffusion profile was obtained by subannealing at 600 °C. Obtaining the same results for a
tracting the depth profile of nitrogen in the as-deposited6H—SiG\TaSh both with and without the Ta—Si—N layer
sample from that of the annealed sample to eliminate thend the top Au ensures that these layers do not contribute to
typical smearing of the depth profile. The resulting diffusionthe process responsible for the initial changes. In any case,
profile is shown in Fig. 6, where=0 represents the metal— these changes are limited to the initial annealing, following
which both the Schottky barrier height and the ideality factor
remain stable after additional 90 min of annealing at 700 °C.

102 3

Intensity [Counts/Sec]

10' F ——— As Deposited
s o Annealed 600 °C/2h

Nitrogen Diffusion Profile This adds to the depth profiling results in showing that the
. . . v ' v — . . TaSh\Ta—Si—N\Au indeed provides the desired thermal sta-
wl ] bility.
T=600°C ] However, the preparation of a TaSia—Si—N\Au metal-

lization requires a sequential deposition of three different
materials. As both SiC and Ta—Si—N are refractory materi-
als, one may wonder whether the contacting Jd&er is a
necessary added complexity. Indeed, the backscattering spec-
tra of Fig. 3 seem to confirm the expected stability of 6H—
SiC with Ta—Si—N at 600 °C. This apparent metallurgical
stability, however, turns out to be insufficient to support the
stability of the Schottky barrier, which is found to soften
after the same heat treatment.
0 P S Since major compositional changes at the interface are
0 20 40 60 80 ruled out by backscattering, the remaining possible mecha-
Depth [nm] nism that could account for the observed Schottky barrier
Fic. 6. Nitrogen diffusion profile obtained from Fig. 5 by subtraction of the lowering is doping. Defect formation cannot be expected to

as-deposited profile from that of the annealed sampte0 is the metal-  contribute FO t_he doping, as defECtS_ are usually r_emoyed by
semiconductor interface. the annealingi.e., annealed-out* It is therefore diffusion

t=2hr

Ln (Counts//Sec)

D=1.32-10-16 e¢m?2/Sec
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that remains to be considered. Out of the three availableangements, too small to be detected by backscattering can
elements in the neighboring Ta—Si—N layer, nitrogen seemsvidently alter the electronic transport across the SiC/metal
the most probable diffusant for three reasons. First, it is thénterface significantly. In the case of the TaSontacting
smallest and most mobile element in the system; secondayer, this change results in a more ideal Schottky barrier,
nitrogen is the natural dopant of SiC: it is present even irthat remains stable thereafter. However, when the JT&Si
undoped SiC? and third, nitrogen is the only element out of omitted in favor of a direct contact of the Ta—Si—N and the
the three that is missing in the stable TaSbntact. Thus, it SiC substrate, the rectifying character of the contact is se-
is not surprising that nitrogen was the only species found byerely compromised upon annealing at 600 °C. Based on
SIMS to redistribute after the annealiigig. 5). However, SIMS depth profiles, this change is attributed to a shallow
conventional application of diffusion-based doping tech-penetration of nitrogen, originating from the Ta—Si-N, into
nigues in SiC was shown to require high temperatfoser the substrate, probably via sputter-induced defects. This ni-
1800 °Q.'8 Diffusion coefficients of nitrogen in SiC were trogen diffusion increases the doping and thus narrows the
found to range from 10 ' cm?/s at 2000°C to 5 Schottky barrier.

X 10712 cné/s at 2600 °C’ This renders the possibility of
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