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Abstract. The formation of low resistivity ohmic contacts petype 4H-SiC is achieved.
Transfer Length Method (TLM) based-structures wafwicated on 0.8 pm-thick epitaxial p-
type Silicon Carbide (4H-SIiC) layers. TLM metal teahs were obtained by a lift-off
procedure and electron beam deposition of Ni, Td &h The electrical properties of the
contacts were examined using current/voltage measemts. Contact resistivity as a function
of annealing was investigated over the temperatamge from 700°C to 1000°C. The lowest
contact resistivity of 1.5xI0Q.cnf was obtained for Ni/Ti/Al/Ni contact after annewjiat
800°C for 90s. Using Secondary lon Mass Spectrgm@MS), Energy-Dispersive X-Ray
spectroscopy (EDX) and X-Ray Diffraction (XRD) maemments we quantitatively and
qualitatively determined the formation and the natf the ohmic contact to p-type SiC.

PACS: 85.40.Ls, 73.40.Cg, 68.35.hd

1. Introduction

The inherent properties of silicon carbide (SiQ)lsas wide bandgap, high thermal conductivity, and
high breakdown voltage make it a very promisingeartiat for high power, high temperature and high-
frequency device applications where Si and GaAscdevcannot be used. One of the most critical
issues currently limiting the device processinghie manufacturing of reliable and low resistance
ohmic contacts on silicon carbide [1-3]. Sincewmwgk function difference between metals and p-type
SiC is extremely large, it is very difficult to for ohmic contacts. To answer to this problem, it is
necessary to choose metals with low Schottky baamel to overdope p-type SiC layer close to the
metal contact. To form such narrower bandgap iaterfSiC/Contact, many materials have been
examined. Among them, nickel, titanium and alummminave attracted more attention.

Ni-Ti alloy contacts which have been successfulgdiin the fabrication of ohmic contacts on
n-type SiC layers [4] present specific contactstesices on p-type SiC layers in the order of 10
Q.cnf [5] which are not enough low in order to fabricagdiable power or high temperature SiC
devices. To improve the quality of these contaaitgninium based materials such as Ti/Ni/Al, Ni-Al
and Al-Ti [6-9], have been used resulting in spedibntact resistances lower than 1*@n?. For
the AI-Ti alloy, the ohmic behaviour is obtainedt remains very sensitive to the quantity and



stability of the aluminium layer. The compositian (veight) of Al 90 % - Ti 10 % vyielded to the
lowest specific resistance of 4®.cnf however this result was not reproducible [10,11j.tBe other
hand the composition Al (70 %) - Ti (30 %) reprdsethe best choice for a good and reproducible
contact with a specific resistance of the ordet@iQ.cnt [12,13].

In such high Al-content contacts, overdoping of tBiC/metal contact interface is obtained
producing a heavily p-type doped region and yigdim low resistance contacts [11,14]. Al seems to
create intrusions into the SiC, as its diffusionsiél very difficult *. It has also been noted the
possibility of thermal exo-evaporation of some Atidg annealing performed at around 1000°C [15].
Thus, other metals have to be added to the interfiacorder to improve in depth-penetration of
dopants into the SiC. Titanium is added to lower ¢ltremely high thermodynamic driving force for
oxidation of Al [16]. Alternative materials such as-evaporation of TiC and sputtered TiW have
been studding to form ohmic contacts on high dgpé&ge SiC obtaining specific ohmic resistance of
2x10°Q.cnt [17].

In this article we present the results of Al/Tibased low resistive ohmic contacts fotype
epilayers of 4H-SIiC. We selected Ni as the key acinelement. Ni was reported to react at low
temperatures as 500°C with SiC by forming\isilicide [18,19]. Ohmic contacts realized at low
temperatures have a particular interest in theldpueent of SIC MOSFET technology. Ti was added
to the Ni/Al contacts to prevent the formation ofeacted interfacial carbon atoms [14,20]. Ourtud
proposed to identify the role of each element amel phase formed at the metal/semiconductor
interface by complementary electrical and physiersital analyses. "This paper presents our
extended results on the metallization processderaio obtain reliable ohmic contacts operatingauip
300°C. The first results have been reported in Réi.

2. Experimental

Transfer Length Method (TLM) structures, were fabtéd on 0.8 pm-thick epitaxial p-type,eN3 to
4.10° cm®) layers isolated from the substrate by a 12 pokthitype epilayer (§=5.10° cmi® - the
epitaxial data were furnished by the epilayer sigppl The TLM structures were also isolated in
lateral by forming 2 um deep trenches realized dgctive ion etching (RIE) with $10,. After
degreasing in organic solvents, rinsing in de-iedizvater (DI) and cleaned with standard RCA
solution, the samples were finally dipped in BOEffBred Oxide Etchant) solution for 2 min at room
temperature.

TLM patterns were then defined by lift-off of Ni,@nd Al layers deposited on the SiC substrates
by electron-beam evaporation in a high vacuum cleambhere the base pressure was below
1.10’mbar, and the pressure during deposition was bBl&@ mbar. Thicknesses of the metal layers
are given in table 1 and were double checked viartgumicrobalance and X-ray reflectivity
measurements (not shown here).

The contacts were annealed under Ar atmosphereJWBLEC rapid thermal annealing (RTA)
furnace on a graphite holder. The annealing praeeduperformed in several steps. The first one
consists in a relatively low temperature rampinga50°C, then the temperature is set to the conta
formation temperature, varying from 700 to 1000fD\ding at this temperature during 90s. Prior to
metal annealing the furnace was cleaned with ssadyg vacuum purges.

Electrical characterization after annealed contagts performed by current-voltage (I-V)
measurements. The specific contact resistances exér&cted by a Transfer Length Method (TLM),
with 80x500 pm? metal patterns with spacing distanaf 25, 35, 45, 55, 65 and 75 pm. The distance
from the TLM metal patterns to the etched mesa £dg20um which is insignificant compared to the
metal patterns width (500 um) and allows us to ictansT LM one-dimensional model and to omit the
lateral current crowding [12].

Using Secondary lon Mass Spectromd®MS) with a CAMECA IMF and an ® primary ion
beam, Energy-Dispersive X-Ray spectroscopy (EDX)hwa SEM Philips CM120 and X-ray
Diffraction measurements before and after annealirgyinvestigate qualitatively and quantitatively
the formation of the contacts and their evolutidnttee SiC/contact interface. X-ray diffraction
measurements were performed with a diffractomegeipped with a rotating anode operating at 9
kW. The X-ray were monochromatized using a doul#¢4G0) crystal which selects the Cu kalphal
radiation (wavelength = 1.5406A).



Table 1. Thicknesses of Ni, Al, and Ti layers and acceptarcentrations in SiC substrates.

Composition of the
metal contact

Thickness of the
metal contact (nm)

Ti/AITi/Ni
Ni/Ti/Al
Ni/Ti/Al

Ni/Ti/Al/Ni

Ni/Ti/Al/Ni

Ni/Ti/Al/Ni

5/60/30/100
25/50/300
12.5/25/150
12.5/50/300/12.5
10/40/240/10
5/20/120/5

3. Results and discussion

First, we have noted that despite the high dopingllat 3.18 cm®of our p-type 4H-SiC layers, the
as-deposited metal contacts formed a Schottkydyaiter 90s annealing at 700 °C of the contacts,
typical |-V characteristics are given in Figurect the three families of the contact alloys presérn
Tablel. A linear |-V characteristic can be seendatihg that the contact becomes ohmic, only if the
Ni layer is present at SiC surface for the tempeestas low as 700°C.

For the metallic contacts with Al on top, the prese of an on-surface insulating layer has been
observed whatever the annealing temperature. Thikesdifficult the measure of the contacts and the
electric characterization which can be only madeedhis layer is removed by mechanical action (we
scratch these contacts with the point) or by a I8ngH, RIE plasma. To solve this problem, the
Ni/Ti/Al contact was capped with a top layer of dioiding the oxidation of the aluminium or other
phenomenon responsible of this insulating layesuiriace.
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Figure 1. Typical |-V characteristics of the contacts foe three different families of the used
alloys obtained after 90s annealing at 700°C.

Regarding these first experiments which show aftenealing a non ohmic contact with the
Ti/Al/Ti/Ni alloy and the presence of an insulalagier on the top of the contacts with Ni/Ti/Al iiaik
stacking sequence, we selectively focused on Mil/lNi contacts by studying the effects of the
annealing temperature (figure. 2). The dependefficéhe electrical properties of the Ni/Ti/Al/Ni
contacts on the annealing conditions was studiedt the 700°C to 900°C temperature range. The
specific resistance, and then the contact redigtiwas observed to vary with the annealing
temperature. The specific resistance decreasesimgtBasing annealing temperature until 800°C,
then it increases with the temperature indicagimgbably, the deterioration of the contact. Thedstv
contact resistance of 1.5x1@.cnfwas obtained at 800°C.
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Figure 2. Resistance extracted versus distance between Hdd gf the Ni(10) /Ti(40) /Al(240) /Ni
(20nm) contacts and dependence of the specifiacbresistance from annealing temperatures at

700 to 850°C

Considering the capping effect of Ni on top of teTi-Al contacts, it is important to note that a
thickness of 5 nm is not sufficient to avoid thegance of on-surface insulating layer. The resisan

extracted from the extreme patterns of the TLMrarealigned with the inner ones as those presented
in figure 2. Insulated layers were formed at thgesdf TLMs metal patterns close to the etched
mesas.

Then physico-chemical studies have been conduaéddentify the chemical composition (and
then the origin) of this insulating layer at the toontacts. These physico-chemical analyses allow
also us to identify the phases formed at the Si€fiace which could be considered as responsible of
the ohmic behaviour of our contacts.

At first, the contact element profile was investeghby SIMS before and after annealing at 800°C.
Before the annealing we can see as expected theessive metallic elements Ni(5)/Ti
(20)/Al(120)/Ni(5nm) stacking from the surfacethe SiC interface corresponding to their respective

deposited positioffigure. 3a).
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Figure 3. SIMS spectra for measurements a) before and &) afinealing at 800°C of Ni/Ti/Al/Ni contacts
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The RTA process leads to the redistribution of ietallic elements into the SiC (figure. 3h).
shows the formation of a layered contact structureing two clearly regions. The top surface is
enriched with Al, the Al profile geometry suggestia possible evaporation in surface. Al, Ni and Ti
have penetrated in depth in the SiC. This intemgctione close to the SiC interface should be
significative of the probable formation of metal$idicides and/or carbides alloys such agSNiTiC
and TiSIiC, which can favour the ohmic behaviour. We shoufib alote the absence of a carbonic
layer at the SiC interface, no peak of the C i®ded by our SIMS measurements and the plateau
profile of the C is escorted by the Si plateau ifgofThe carbonic layer at the SiC interface i®pnft
reported to be responsible for the high valuesefdpecific ohmic contact resistivity [14]. This shu
be correlated with the presence of the Ti whichaigey-element for the formation of Ti-based
carbides. Compared to the results presented byilstasld et al [7], our profiles of Ti and C are not
correlated. We can therefore suppose that Ti-Sbidarhave been formed instead of TiC. As
mentioned by Johnson et al [9]:3iC, ternary phase presents a significant effect ifdh@ation of
ohmic contact to p-type SiC by forming a narrow-gaterfacial alloy reducing the Schottky barrier
height at the metal-SiC interface.

On the other hand we remark the Ni profile evolutapproaching to that of the Si which can be
explained probably by the formation of,8i. Our electrical measurements on TLMs structstesv
how important the presence of the Ni at the mei@liSterface can be for the formation of ohmic
contacts for annealing temperatures as low as 7009€ NiSi alloy already mentioned to be formed
at this low temperature [18,19], seems to playle irothe formation of ohmic contact on p-type SiC
as for the contacts on n-type SiC.

The composition of the intermetallic phases waslistliby X-ray diffraction analysis (XRD) in
order to confirm the presence of these alloys atSIC interface. The X-ray spectra of Ni/Ti/Al/Ni
films deposited on 4H-SIiC before and after anngalih 800°C are shown in figure 8efore
annealing, several Bragg reflections are identiiedesponding to the SiC (0001) substrate and the
non-alloyed bulk phase of Ti, Al and Ni. Epitaxi@lationships of the deposited metals were not
investigated. After high-temperature annealing GQ°€, we can observe the presence of numerous
peaks revealing the formation of several internfietphases such assBiC, NiSi, Al,Ti or NiAls.
These measurements are in good agreement withreuops results from SIMS, these intermetallic
phases, especially ;BiC and NjSi, seem to favour the formation of the ohmic conta

Moreover, the creation of Al-Ti and Al-Ni phasesiii the presence of elementary Al on top of the
surface and then its oxidation leading to the iaseeof contact resistance.
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Figure4. X-ray spectra of Ni/Ti/Al/Ni contacts on 4H-SiCfbee and annealed at 800°C.

This oxidation which creates the insulating layertloe top of the contacts was also confirmed by
EDX chemical analyses. The concentrations of egenstituting metal contact elements are given in
table 2 before and after annealing. Surprisinglg, vave found after annealing the presence of an



important amount (up to 29 at%) ob.Whatever, this oxygen presence did not influetheeohmic
property of the Ni/Ti/Al/Ni contacts as we showeddlectrical measurements.

Table 2. EDX results after annealing Ni(5nm)/Ti(20nm)/AlQ#m)/Ni(5nm) contacts on 4H-SiC

samples.
Before annealing After annesaling Ar at After annealing under Ar
3.3 10° mbar at 1G mbar

w% at% W% at% w% at%
C 8.82 19.70 4.42 8.50 7.04 15.82
@) 0.00 0.00 20.09 28.98 2.99 5.04
Al 34.86 34.65 45.40 38.84 25.69 25.72
S 39.83 38.02 27.62 22.70 47.52 45.70
Ti 1.00 0.56 0.00 0.00 0.00 0.00
Ni 15.49 7.07 2.46 0.97 16.77 7.72

Nevertheless the amount of @ our contacts was decreased to 5 at% (tabley Mdveasing the Ar
pressure from 3.3 T0mbar to one atmosphere {ifibar) during our RTA process.

We remark that the amount of the Ni detected byHEBX analyses drastically decreases after
annealing in Ar at 3.3 T0mbar while the Al concentration increases. Thenfition of the insulated
layer in surface prevents the detection of the mNidepth by the EDX teardrop-shaped volume.
Nevertheless after annealing under Ar at one atherep(16 mbar) without insulated layer in
surface, the amount of the Ni found by EDX is cldsethe concentration before annealing.
Concerning the concentration of Ti the values wrioled are very small before and after annealing
due to its deeper localization compared with Ni ghswed by SIMS analyses), closer to the SiC
interface after annealing and enough far from tb& Eeardrop-shaped volume detection limit.

Considering our optimal ohmic contact configuratianth the Ni(10)/Ti (40)/Al(240)/Ni(10nm)
stacking annealed at 800°C, finally a thermal sttest has been applied between 25°C to 300°C. The
contact reliability at high temperature is usuadlynsidered as the crucial factor determining the
limitation of a contact system for power device laggtions. The experimental results are presemted i
Figure 5. We note that the measured specific comgistances are higher that those reported in
Figure 2. This is due to the experimental setupnguvhich the TLM patterns were damaged during
the probe tips manipulation (the contacts withTh& patterns must be made and released for each
measurement temperature). We preferred to not aldraetallisation layer in order to characterize
only our stacking annealed alloy
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Figure 5. The dependence of the specific contact resistandesheet resistance under the thermal stress for
the Ni(10)/Ti(40)/Al(240)/Ni(10nm) contacts anneakgt 800°C in Ar



As shown in the figure 5, the specific contactstsice did not varied under the thermal stress.
This can be attributed to the formation of interatiet phases which are stables up to 300°C.

We also observe a normal decrease of the shestanes® |, due to the ionization of Al and thus
to the increase of the holes concentration whichaidypically behaviour of wide bandgap
semiconductors with incomplete ionisation of thealuts at room temperature.

4, Summary

Low resistivity Ni/Ti/Al/Ni-based ohmic contacts op-type doped SiC were investigated and
discussed. The lowest contact resistivity of 1.5%@0cnt has been obtained after annealing at 800°C
for 90s in argon atmosphere.

The results of this study show that the adding iwk&l into the Ti-Al contact composition at the
SiC interface is critical to obtain good ohmic @it with low access resistance limiting the paaént
oxidation of the elementary Al.

The rapid thermal annealing of multilayer Ni/Ti/Ai/metal composition led to the formation of
Ni,Si, TisSIC,, Al,Ti and NiAl intermetallic phases. This ohmic contact is thelynsfable up to
300°C.
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