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Structural and electrical properties of Ni/Ti Schottky contacts on silicon
carbide upon thermal annealing
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The evolution of the structural and electrical properties of Ni/Ti/SiC Schottky contacts upon
thermal treatments was investigated. The samples were prepared by sequentially evaporating
titanium and nickel layers onto silicon carbitgH-SiC) substrates and were annealed in vacuum in

the temperature range 400-650 °C. Above 450 °C a solid state reaction sets in, giving rise to the
formation of nickel silicideg(i.e., Ni5;Si;, and NpSi). During reaction, by increasing annealing
temperatures, the electrical characteristics of the contacts showed an increase of the Schottky
barrier, along with a decrease of the device leakage current. An inversion of this trend was observed
at around 600 °C, which can be attributed to the inhomogeneity of the nickel silicide/SiC barrier.
The scenario of the reaction of the Ni/Ti/SiC system is presented. The physical information
obtained from the study of this bilayer can be extremely important in the control of the electrical
properties of Schottky barriers for advanced devices on SiQ0@t American Institute of Physics

[DOI: 10.1063/1.1787138

I. INTRODUCTION the last years. In particular, it has already been observed that
the addition of thin metallic interlayers at the metal/Si inter-
The fabrication of either ohmic and rectifying contacts face can affect the silicidation mechant$it? and lead to
on _S'I'Col” carbide(SiC) may be achieved by using metal |oer resistivity values and to a better thermal stability of the
silicides: In particular, different reactions can take place in a.qntacts. The use of metallic interfacial layers was also ap-

metal/SiC system, depending on the metal and on the anne lied in silicon carbide, where a reduction of the specific

ing conditions. Some metals, such as silver or gold, do nof__. . .
) . . istan f sintered Ta and Mo ohmi ntact:
react with SiC, other metals can form silicides and/or car- esistance of sintered Ta and Mo ohmic contactspdyipe

bides (i.e., Co. Ni, Cr. Fe. Pt, Pd, Ti, W,). while some 6H-SiC was achieved by using an Al interlaygr.

others are also able to form ternary compougds, Mo, Ta, A bilayer contact N|(~1'OO ””?’Ts',(”“lo nm)(S@ has
Ti, Zr,...).2 The metals which are most widely used in the been already used by Vassilevsgkial.” in the fabrication of

technology of SiC power diodes, for Schottky and/or for high performance dual-metal SiC Schottky diodes. The elec-
ohmic contacts, are titanium and nicRel. Titanium gives trical behavior of these contacts after annealing showed a

values of Schottky barrier height lower than those given byvoltage dropVe as that of a Ti/SiC diode and a leakage
nickel, both on 6H-SiC and 4H-Sit® currentl, comparable to that of a Ni/SiC diode that the
As concerns the technological fabrication processingauthors attributed to the presence of the high Schottky barrier
Schottky diodes are the most progressed SiC power deviced Ni at the device edges. However, in spite of the potential
and, in fact, they are already commercially available. Nevertechnological applications, an analysis of the structural
theless, their performances require to be further improved bghanges of the Ni/Ti/SiC system subjected to thermal an-
optimizing the efficiency of the existing edge terminations,nealing was not reported in the literature.
as well as by developing new metallization concepts for the  The aforementioned reasons make the knowledge of the
Schottky contact. The last concern led recently to severghoperties of Ni/Ti bilayers on SiC upon thermal treatments
efforts in the fabrication of dual-metal Schottky diode’, o extremely interesting issue for SiC devices technology. In
.e., devices in which the Schottky contact was formed byfact, thermal annealing of this system can result in the for-

two met_als(Nl, or nickel silicide '\!bs" and T). The dual- mation of phases with different barrier heights at the inter-
metal diodes were able to combine a low forward VOltageface Hence, the forward and revets¥ characteristics ma
drop Vg (i.e., that of the lower barrier of Tiwith a low ' ' y

reverse leakage curreht (i.e., that of the higher barrier of depend _both on the fractiqn area of the diffle4rent l?arriers and
Ni or Ni,Si). However, the control of the electrical properties O the size of the Iow,barrler regiogsatches ™ In this case,
of dual-metal contacts, beyond the device geometry, mafS predicted by Tung'’s mod#if the average dimensions of

also be strictly related to the effects of thermal annealings ofh€ low barrier regions are comparable to those of the deple-
the metal/semiconductor systems. tion width, the low barrier regions rule the current flow under

In silicon, the control and the improvement of the elec-forward bias, leading to a lowg. In reverse bias, instead,
trical properties of silicides contacts were object of study in“pinch off” of the low barrier regions by the high ones can
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occur, thus resulting in a low leakage current. Therefore, this
kind of inhomogeneous barrier can be useful for device fab- (a)
rication.

In this paper, the behavior of Ni/Ti bilayers on 6H-SiC
after thermal annealing is reported, and the structural prop-
erties of the system are correlated to the electrical character-
istics of Schottky diodes. A solid state reaction sets in above
450 °C, leading to the formation of nickel silicides, thus
strongly influencing the Schottky barrier height and hence
the electrical properties of the contacts.

Il. EXPERIMENTAL DETAILS

Silicon carbide(6H-SiC) substrates by CREE Research
Inc. were used for the structural characterization of the
Ni/Ti/SiC system. The metallic layers were sequentially de-
posited in an electron gun ultrahigh vacuum evaporator, at a
base pressure of>310°° mbar. The thickness of the Ti layer
was =5 nm while that of the Ni layer 100 nm. Thermal an-
nealings of the samples were performed in a conventional
vacuum furnace, operating at a pressure of 4°° mbar,
between 400 and 650 °C for 30 min. The structural charac-
terization of the system was carried out by combining trans-
mission electron microscop§yf EM) analysis performed us-
ing a 200 kv JEM 2010 JEOL microscope, and x-ray
diffraction (XRD) carried out with a Bruker AXS D5005 FIG. 1. (8 Cross section TEM image of an as-deposited Ni/Ti/6H-SiC
diffractometer. In particular, energy filtered transmissionsample(b) High resolution TEM of the same sample.
electron microscopyEFTEM) was used to monitor the evo-
lution of the system by extracting the chemical maps of thall. RESULTS
elements. This technique allows to map the elemental chemi- o

- . . . A. Structural characterization
cal composition of the sample, without losing the spatial
resolution typical of the TEM analysis, by subjecting the A cross section TEM image of the “as-deposited”
transmitted electron beam to an energy filtering processNi/Ti/SiC bilayer is reported in Fig. (&), from which the
Since the energy losses of the electron beam are the chardtickness of the Ti and Ni layers were determined to be 6 and
teristics of the interaction with the specimens present in thd 00 nm, respectively. Figureg(ld) shows the high resolution
matrix, selecting electrons that have lost energy by specificross section TEM picture of the same sample, taken along
scattering effects results into an element specific contrast ithe [1120] zone axis, which is perpendicular to th@001]
the image, i.e., the chemical map of the element. direction of 6H-SiC. From this image, it can be seen that the

The evolution of the electrical properties of the planarity of the interface is almost completely preserved after
Ni/Ti/6H-SIC contact after thermal annealing processes wageposition, but the deposited Ti film has not grown epitaxi-
monitored by measuring the current-voltagev) character-  ally onto the 6H-SiC substrate. Conversely, Pogeral*®
istics of test Schottky diodes. theV curves were acquired in  demonstrated that the deposition of Ti on 6H-S@0O])

a Wentworth probe station equipped with a Keithley 236results in epitaxial films, since both 6H-Si@=3.08 A ¢
source meter. The diodes were fabricated ontend thick =15.11 A); and Ti(Ti,a=2.95 A c=4.68 A) have hexago-
epitaxial layergn-type dopegl with an epilayer carrier con- nal structures with a lattice mismatch of 4%. The different
centration of about & 10* cm™3. The carrier concentration behavior observed in our samples can be attributed to a non-
of the heavily doped substrate wa$ x 10'® cm 3. Asilicon  optimized surface preparation and cleaning prior to Ti depo-
dioxide layer(1 um thick) was first deposited via CVD onto sition or to different vacuum conditions during evaporation,
the sample front side. Nickel silicid€Ni,Si), formed by  which in turn are critical factors for achieving a good epi-
rapid thermal annealing in nitrogen at 950 °C before pro-axy.

cessing the wafer front, was used as low resistance back side After deposition, the bilayers were undertaken to thermal
ohmic contact. Then, standard optical photolithography an@nnealing in vacuum up to 650 °C and the structural changes
wet etches were used to define the circular contact geometf the system were monitored both by XRD and EFTEM.

of the diodes with an active area of %40 cn?. The di- The XRD spectra of the Ni/Ti/SIiC samples, taken in
odes were annealed in vacuum in the same annealing ruidragg-Brentano configuration, at various annealing tempera-
together with the blanket samples for the structural analysidures between 450 and 650 °C are reported in Fig. 2. Below
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FIG. 2. X-ray diffraction spectra of the Ni/Ti/6H-SiC sample, after anneal-
ing in vacuum for 30 min between 450 and 650 °C.

the onset temperature of 450 °C, XRD analysis indicatedIG. 4. Ti, Ni, and C maps determined by EFTEM analysis of the sample
that no reaction between the metal layer and the SiC sulnealed at 500 °C.

strate occurred. In fact, up to 450 °C, the only (ill)

signal was detected, thus also indicating the texturing of thglancing angle configuration, while this thin lay& nm)
deposited film. By increasing the annealing temperature theould not be detected even in Bragg-Bentano configuration
presence of other features in the XRD spectra reveals thigecause of the resolution of the technique.

occurrence of a solid state reaction. In particular, the diffrac-  Further insights into the reaction mechanism and, in par-
tion patterns detected at 500 °C reveal the coexistence dicular, on the distribution of the elements inside the layer
two silicide phases, i.e., the NBi;, and the NjSi. At higher  were provided by the EFTEM spectra of the samples which
temperatures the diffraction signal of \Bi;»(300) shift to- are reported in Figs. 3-5. In these chemical maps, a bright
wards that of NjSi(150 at 47.3°, indicating the transforma- contrast indicates the presence of the element in the sample.
tion of the Ni rich phase into the more stable,Sli At the  The EFTEM spectra of the bilayer system were taken after
annealing temperature of 550 °C, the XRD spectra alsaeposition(Fig. 3) and after annealing at 500 °(€ig. 4) and
show the presence of a peak located at around 49°, which50 ° C (Fig. 5).

grows in intensity by increasing annealing temperature. This  Figure 3 shows the chemical EFTEM maps of Ti and Ni
diffraction signal could arise either from titanium silicide in the as-deposited sample, which clearly show the presence
TisSi3(220) [which is known to form under similar annealing of the Ti layer(at the interface with Sif; and the thicker Ni
conditions on 4H-SiC(Ref. 16] or from nickel silicide layer on the top. Annealing of the samples up to the tempera-
Ni,Si(133). However, since the following EFTEM analysis ture of 450 °C did not lead any difference in the chemical
was not able to reveal the presence of Ti at the interface witinaps, i.e., the deposited metallic species did not diffuse up to
SiC after annealing, it is more plausible that the signal arisethis temperature. On the other hand, as can be clearly seen
from the diffraction from th&133) planes of the NiSi phase. from the maps reported in Fig. 4, annealing at 500 °C makes
Therefore, the XRD analyses indicate a structural evolution

of the nickel silicides layer, both in terms of the phases Tl

(transformation of Nj;Si;, into Ni,Si) and of the orientation
of the polycrystalline film. Moreover, from the XRD analy- \
ses, there was no evidence of nickel- or titanium-carbide
formation. The Ti peaks could not be detected by the XRD
spectra acquired in two different configurations. In particular,
the texturing of the film did not allow Ti to be detected in

FIG. 3. Ti and Ni maps determined by EFTEM analysis of the as-depositedIG. 5. Ti, Ni, and C maps determined by EFTEM analysis of the sample
Ni/Ti/6H-SiC sample. annealed at 550 °C.
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FIG. 6. Schematic of the Schottky diodes used to monitor the electrical 10™
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properties of the contacts. Forward bias (V)

the metallic species of the bilayer mobile, i.e., interdiffusion
of Ni and Ti occurs. Then Ni reaches the interface with SiC
and reacts by forming the two silicides phases, as previously
pointed out by discussing the XRD spectra. Indeed, the maps
of the sample annealed at 500 °C show the presence of the
thin Ti layer embedded in the thick Ni layer. The thickness of
this Ti layer is nearly similar to that obtained after deposi-
tion. Near the interface with SiC, Ni has reacted by forming
silicides, while at the sample surface no reaction occurred.
The silicidation of the Ni layer in the proximity of the inter- 10"

Reverse leakage current (A)

X ) ) 100 80 60 40 20 0
face with SiC can be deduced by the maps of carbon, which Reverse bias (V)
was liberated during reaction and is now present in this layer

(see Fig. 4 In particular, from the carbon map, it can be FIG. 7. Current voltagel-V) electrical characteristics of Ni/Ti/6H-SiC

. I -. - 1Schottky diodes unddir) forward and(b) reverse bias, after deposition and
seen that carbon has formed precipitates inside the SIlICId?ﬂer annealing between 450 and 600 °C. For comparison-theharac-

layer, as iltgusually occurs in the case of the simple Ni/SiCeristics of Ti/6H-SiC and NBi/6H-SIC diodes are also reported.
systent-"*The formation of carbon precipitates when a SiC

layer is consumed " the §|'I|C|dat|on process of mckel' 'S acl\li/6H—SiC at 600 ° g Schottky diodes are shown. As can be
consequence of the instability of the ternary phases Ni-Si- . ;
Seen, after annealing at 450 ° C the forward and reverse char-

as can be seen from the phase diagram reported in Ref. 2. - S : :
) P . 9 P - acteristics of the Ni/Ti/6H-SIiC Schottky diodes are almost
After annealing at 550 °C, almost all the Ni film has g .
. o . . ... the same as those of a Bi-SiC contact prepared in the
reacted, forming a silicide layer with a uniform distribution . . -
same annealing conditions. The latter indicates that the onset

of carbon precipitates, while the Ti layer is now located on . e . .
. 7 temperature for interdiffusion and/or reaction of the metallic
the top of the metallic contact, as visible from the EFTEM . . L .
ecies was not reached, i.e., the Schottky barrier is uniquely

L . S
ngvn:ri]clart]l ';:g i o'\:‘c')[hS:t;?r?]ntlli ?ninega?:;vsgi\?:iﬁg?gnl]n g: etermined by the presence of titanium at the interface with
P P PeI&ic. Indeed, the value of the Schottky barrier height, deter-

ture. mined by fitting thel-V curves in the linear region by means
of the thermionic emission theofYwas 0.91 eV, i.e., a typi-
cal value of the barrier height of the Ti/6H-SiC contact. By
The structural changes of the Ni/Ti/SIiC system ob-increasing the annealing temperatis0-550 °Q the di-
served after annealing affect the electrical properties, i.e., abdes exhibit an “anomalous” forward characteristics, i.e.,
Schottky barrier height. For that reason, the electrical charthey show the presence of a shoulder at low forward bias
acteristics of Schottky diodes were analyzed. In Fig. 6 schevalues instead of a wide linear region. In particular, after
matic of the diode structure is reported. The active area o&nnealing at 500 °C, at lower biglselow 0.5 \) the curves
the diode was defined by the circular windogmghose diam-  are still close to those of the as-deposited diode, while at
eter is about 20(km) opened onto the oxide and the high biasegabove 0.5 V the presence of a secoxldigher
Schottky contact was formed by the bilayer Ni/Ti. The pres-barrier can be observed. This behavior is typical of an “in-
ence of the oxide, in turn, avoided the formation of a Ni ringhomogeneous” Schottky barrier at the metal/SiC interface, as
at the diode edge, caused by the Ti overetch in the sequentiaimilarly reported in the case of annealed 4H-SiC
Ni-Ti wet etch, as described in Ref. 8, which can give addi-contacts' At 550 °C the forwardl-V characteristics moves
tional perimeter effects in the electrical characteristics of thdowards those of a Nbi contact, whose barrier height on
contacts. 6H-SiC is 1.39 eV The reverse leakage curreipt of this
Figures Ta) and {b) show the forward and rever$eV  inhomogeneous Schottky contact decreased about four or-
characteristics of the Ni/Ti/6H-SiC Schottky diodes, ders of magnitude by annealing from 450 °C =3.6
annealed at various temperatures. In the same grapk10*A at -100V) to 550°C (I,=3.5x10°A at
the electrical characteristics of reference Ti/6H-SIC and-100 V). At 550 °C the reverse characteristic at low bias, up
Ni,Si/6H-SIC (formed by a rapid thermal annealing of to —60 V, is almost coincident with that measured inp3ii

B. Electrical characterization
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diodes. Finally, after annealing at 600 °C th¥ curves ex-  affect the electrical properties of the barrier. Hence, it is not
hibited again a decrease of the average barrier height, accorsdrprising that the structural evolution of this inhomoge-
panied by an increase of the leakage current. neous silicide contact, by further annealing at 600 °C, gives
rise again to a decrease of the Schottky barrier and to an
increased leakage current, as experimentally observed by the
I-V curves.

On the basis of the experimental results a possible sce- HOWeVer, previous experimental results on the electrical
nario of the reaction mechanism of the Ni/Ti/6H-SiC bi- Characteristics of the Ni/SIC system after rapid thermal
layer system is the following. According to thermodynamic reatments;”***showed that the silicidation mechanism of
considerations concerning the ternary phase diagrams afd¥ "esults into an improvement of the barrier homogeneity
the enthalpy changes during reactiérn&?*%?Ni and Ti can and into an increase of the Schottky barrier accompanied by
react with SiC by forming silicidegi.e., NiySiys NiySi a decrease of the leakage current. Therefore, it can be argued
TisSis, etc), carbides(TiC), or ternary phase€TizSiC,). In that the different annealing conditions along with the pres-
particular, Ni reacts with SiC above 450 °C by forming €NC€ of the Ti interlayefwhich in turn acts as a barrier for
nickel silicides(Nis;Si;,» and Ni,Si), while the carbon liber-  Ni diffusion towards Sig result into a different electrical
ated during reaction form precipitat¥sOn the other hand, behavior of the Ni/Ti/6H-SiC barrier upon annealing with
above 500—600 °C Ti can form the metal rich silicide "éSPect to the Ni/6H-SiC. Hence, it can be concluded that in
(TisSiy) and TiC. These two phases can coexist and, unddfie case of the Ni/Ti/SIiC system, by optimizing the film
certain annealing conditions, can even arrange in a two-laydfickness and the annealing conditions, an inhomogeneous
structure®*® At higher temperature¢900—1000 °G, Ti can Schottky barrie(with both Ti or nickel silicide phases at the
also form the ternary phases8iC,.2 interface may be intentionally formed in order to achieve a

In the case of the Ni/Ti/SiC system, since Ti reacts withfavorable compromise between the low forward voltage drop
SiC only at higher temperaturggorming silicides andjor ©f @ low barrier Ti/6H-SiC diode and the low leakage cur-
carbideé™9), below 450 °C no substantial structural change®Nnt values of a high barrier b&i/6H-SiC diode.
of the system occurs. Moreover, the stack sequence of the ©On the basis of the results presented in this paper, we
metallic layers remains the same like in the as—depositeae“eve that the reaction mechanism of the Ni/Ti/SiC system

sample, thus indicating that this thermal budget is even nd¢fPOn annealing must be taken into account also to explain
sufficient to activate the diffusion of Ni or Ti atoms. Above the results on dual-metal Schottky diodes reported in Ref. 8,
this onset temperature, interdiffusion of the two elements iVhere similar Ni/Ti/SiC contacts where annealed in the
the bilayer occurs, with Ni diffusing downwards and Ti up- S2Me€ temperature range.
wards. In this way, the Ni atoms can reach the interface with
SiC and react by forming silicide@\i3;Si;, and NiSi), as
observed by XRD analyses at 500 °C. V. SUMMARY

Presumably, in the early stages of the annealing process,
when the metallic species become mobile, a condition in  In this work the evolution of the structural and electrical
which both Ti and Ni are present at the interface with Sicproperties of the bilayer Ni/Ti/6H-SiC system at different
occurs. Therefore, an “inhomogeneous” Schottky barrie@nnealing temperatures was studied. The experimental re-
(Ti-Ni 3;Si;-Ni,Si/ SiC) forms, as confirmed by the anoma- Sults allowed to find an onset temperature of about 450 °C
lous forwardl-V characteristics of the diodes observed atabove which the elements of the metallic bilayer become
500 °C. In fact, as pointed out by Ohdomari, Kuan, andmobile, thus allowing the Ni atoms that reach the interface
Tu,2% it must be remembered that even a few percent fractiovith SiC to react and form nickel silicides. The Schottky
of the whole contact area covered by a low Schottky barrieparrier height, determined by the electrical characteristics of
(Ti in our case is sufficient to rule the conduction through test diodes, increased because of the silicidation of nickel
the contact. By further increasing the processing tempera¥ith a consequent reduction of the leakage current. The in-
ture, as indicated by EFTEM, a further indiffusion of Ni version of this trend observed at high temperaty6& °C)
through the Ti film and towards the interface with SiC can be attributed to the inhomogeneity of the Schottky con-
(and/or a further outdiffusion of Ti through the Ni film and tact and to the structural changes occurring at the interfacial
towards the surfageoccurs. At the same time XRD analysis hickel silicide. This study provides some insights into the
shows that the nickel silicide phases gradually transform int¢omplicated reaction mechanism of the Ni/Ti/6H-SIC sys-
the most stable on@Ni,Si), with an increase of the Schottky tem. These results may be also useful to control and optimize
barrier. The final situation showed by EFTEM is that of a Ti the electrical properties of advanced Schottky diodes.
thin film at the sample surface and a thicker silicide layer
(with carbon precipitates insiglat the interface with SiC.

At around 550 °C the transformation of the 3h8i;, ACKNOWLEDGMENTS
phase into the NBi phase is also accompanied by the ap-
pearance of the N&i (133) signal in the XRD spectra, thus The authors are grateful to C. Bongiorno and S. Pannit-
confirming that, at these temperatures, a structural evolutioteri for their assistance during TEM sample preparation and
of the polycrystalline NiSi is occurring. Obviously, these analysis and S. Di Franco for his help during Schottky diodes
structural changes of the system in the near interface regiofabrication.

IV. DISCUSSION
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