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GaNand related semiconductors such as AlN and InN are attractive materials for

optoelectronic and high-temperature electron devices. The alloyed semiconductor of GaN,
AlN and InN covers a wide bandgap range from 1.9 to 6.2 eV, promising for light emitting

diodes and laser diodes. TheGaNmaterials have also the high electron drift velocity and the

high chemical stability, promising characteristics for high-temperature electron devices. Thus
the growth of the high quality films is important for achieving the high performance of these

devices, and there havebeen intensive growth studies using metal-organic chemical deposition

(MOCVD),andmolecular beamepitaxy (MBE).
In comparison with MOCVDtechnique, MBEtechnique has the advantages in

growin*• the quantumstructure including abrupt interface with gooduniformity. However,due

to the large lattice mismatch, heteroepitaxy of GaNon sapphire substrates results in the high

density of dislocations, and in order to improve the film quality, it is necessary to employ
additional techniques such as GaNor AlN Iow temperature buffer layer [l], migration

enhancedepitaxy [2], In exposure [3], SiN buffer layer [4] and so on.

Theusageofthin SiN films has beenmainly employedin MOCVDsystem [4] and the

significant improvementofthe crystal quality has beenreported. In this sturdy, weemployed
the SiN buffer layer for NH3-sourceMBEtechnique.

TheGaNfilrns were grownby a Riber 32 MBEsystemwith a reflection high-energy

electron diffraction (RHEED)setup. Ge~Al and Si fluxes were supplied by Knudsencells.

NH3was supplied through an injector maintained at 300 ~C. The flow rate of ammoniawas
adjusted using a 50 SCCMmassflow controller. The chaniber pressure during films growth

was5- 6X l0-6 Torr. The(OOO1)sapphire substrates with 3000AMo film deposited on the

backside were used, and the substrate temperature wasmonitored by apyrometer.
First, GaNepilayers without SiN buffer layer were grown as follows. Thenitridation

of the sapphire substrates were performed by exposing the surface to an ammoniaflow of 20

SCCMat a substrate temperature of 900 ~C for 10 min. The low-temperature (LT) GaN
buffer layers with 300 - 500Athickness were then grownat 600 ~C

,
and annealed at 900 ~C

for 20 min. Thegrowth rate of the LT GaNbuffer wasabout 0.2 um/h. The l-um thick GaN
layers were then grownat the growth rate of0.6 -

1.0 um/h. TheSEMimageofthe surface is

shownin Fig. I .
The hexagonal surface features with asize of about 2umwere observed. The

Hall mobilities ofthe GaNfilrns without SiN buffer layer were 100 - 120 cm2/Vs. Thehigh-

- 567-



resolution X-ray diffraction (XRD)measurementwas performed, and the full width at half-

maxinlurn (FWHM)ofthe co-rocking curve were 830 - 860 arcsec. TheFWHMofco-20 scans

were 70 - 80 arcsec.

Next weinvestigated the effects of the thin SiN buffer layers. Just after the nitridation of
the sapphire substrates, the SiN thin films were deposited by exposing sapphire substrate to
Si andNH3flux for 10 min. The flow rate ofNH3waskept at 20 SCCM,and the temperature
ofSi Knudsencell was 1050 - 1200 ~C. Onthis SiN thin films, TheLT GaNbuffer layers

were then deposited and annealed using the samecondition as has beenmentioned. The I-um
thick GaNIayers were then grown. During the growth, the RHEEDpatterns were more
streakylike in comparison with the cases without thin SiN buffer layer. Figure 2shows the

SEMimage of the surface of the grown GaNIayer whenthe temperature of Si Knudsencell

was1200 ~C
.
The surface morphology in Fig. 2exhibits a step-like surface structure. Wealso

found the improvement of the Hall mobility. TheHall mobilities of the GaNfilms with the

thin SiN buffer were 150 - 160 cm2/Vs. In terms ofthe XRDmeasurement,the FWHMofthe
co-rocking curve were about 700 arcsec. TheFWHMof co-2e scans were 60 - 70 arcsec.

Thedetails will be discussed at the presentation.
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Akey issue for the growth of GaNhas been the lack of an ideal substrate. MostGaN
has been grown on sapphire (oc-Al203) since GaNsubstrates are not readily available [1].

Thegrowth of high quality GaNfilms on silicon substrates using a SiC intermediate layer
has been stimulated because of the irreplaceable merits of the Si wafer such as low cost,
high surface quality, Iarge area wafer availability, high conductivity and well-established
processing techniques [2-5]

.

In this work, we have investigated the growth of high quality GaNfilms on
3C-SiC/Si(1 11) substrates using GaN,AlN, or GaN/AlNsuperlattice buffer layers with a
MOCVDtechnique. 3C-SiC(111) films were grown on Si(111) substrates using
tetramethylsilane (Si(CH3)4, TMS). GaNfilms were grown on 3C-SiC/Si(1 11) in a low
pressure commercial MOCVDsystem using trimethylgallium (TMG), trimethylaluminum
(TMA)and ammonia(NH3). Fig. I showsAFMimages for GaNfilms grown with and
without buffer layers. Whenthe GaNfilms grow without any buffer layer andwith a 200A
GaNbuffer layer, they produce very rough surfaces (see Fig. 1(a) and (b)). However, the
surface morphology is significantly improved for GaNfilms grown with AlN and
superlattice buffer layers as can be seen in Fig. 2(c) and (d). Root meansquare (RMS)
roughness of the surface was about 4.21 Afor GaNfilms grown with superlattice buffer
layers. Figure 2showsXRDspectra for GaNfilms grown on SiC/Si(111) substrate using
various buffer layers. For the GaNfilm grown directly on 3C-SiC/Si substrate, XRD
spectrum showsa peak of wurtzite GaN(O002)at 20 = 34.4" with various small peaks,
indicating the growth of polycrystalline-like GaN.However, the nature of polycrystallinity
begins to decrease whengrownon buffer layers. Consequently, the GaNfilm grownwith a
superlattice buffer layer (sample D) shows only a peak associated with the GaN(O002).
Ramanspectrum for the GaNfilms grown with superlattice buffer layer also showedthe
growth of high quality GaNfilms. Lowtemperature PLmeasurementsshowedthat peaks
associated with band edge emission and donor-accepter pair recombination (DoAo) were
observed from GaNfilms grownwith and without GaNor AlN buffer layers, whereasGaN
films grownwith the superlattice buffer layer exhibited a strong bandedgepeak with very
weakDOAOemission. The surface morphology and structural and optical properties of the

GaNfilms werewell correlated for the evaluation of GaNcrystal quality.

Acknowledgement
This work was supported by grant No.(1999-2-1 14-008-5) from the interdisciplinary

research programof the KOSEF.

- 569-



References

l] S. Nakamura.Jpn. J. Appl. Phys. 30 (1991) L1705.
2 J. Wu,H. Yaguchi, H, Nagasawa,Y. Yamaguchi,Jpn. J. Appl. Phys. 36 (1997) 4241.
3] Y. H. Mo, S. H. Yang, K. C. Kim, W.H. Lee, K. S. Nahm,E.-K. Suh, K. Y. Lim,

J. KoreanPhys. Soc. 34 (1 999) s364.
[4] J. Wu,H. Yaguchi. H. Nagasawa,Y. Yamaguchi,K. Onabe,Y. Shiraki, R. Ito,

J. Cryst. Growth 189/190 (1998) 420.
[5] A. J. Steckl, J. Devrajan, C. Tran, R. A. Stall, Appl. Phys. Lett. 69 (1996) 2264.

(a

(c

(b)

X' 0.5 prnldivtsi on
Z- 20o rm/division

l
(d

,* * '' **
'., ** '., +*. ..'., *,
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Figure 2. Wide angular range XRDspectra
for GaN films grown on SiC/Si(111)
substrate: (a) without buffer layer, (b) with
200AGaNbuffer layer, (c) with 200AAlN
buffer layer, and (d) with superlattice buffer
layer.
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grown on SiC/Si(111) substrate: (a) without
buffer layer, (b) with 200 AGaNbuffer layer,

(c) with 200 AAlN buffer layer, and (d) with
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The preparation of amorphousGaNand GaNpowdercrystals is of great interest in

sublimation growth of bulk GaNas well as in nano-scale optical technology [1-3]. It has
beenprospected that preparation of nano-crystalline GaNstructures such as quantumwires

or qauntumdots is oneof the mostpromising approaches for improving the performance of
optical devices basedon 111-nitrides [4].

In this work, GaNmicro-crystals were catalytically grown using Ni-mesh by direct

reaction of gallium and ammoniain a homemadequartz tubular reactor. The Ni catalyst

was completely dipped in the Gamelt during the growth. The grown GaNcrystals were
separated from as-grown mixture by dissolving unreacted Ga and Ni catalyst in HCl
solution. Figure I shows that the growth rate of the GaNcrystals increases as the reaction

temperature rises from 1000 to 1100 ~ and the dependencyof the growth rate on the

temperature is muchmoresignificant in the presence of Ni catalyst. Theuse of the catalyst

induced the increase of GaNcrystal size. Figure 2showsthe TEMdark-field micrographs
and the correspQnding selected area diffraction pattern (SADP)along the electron beam
direction B=[O110] with the reflection vectors g=0002 (a) and g=2110 (b), respectively.

Dark field micrographs show that the crystal consists of 2H hexagonal single crystal

without any grain boundary. PL spectrum showeda strong band edge emission at the

energy position of -3.35 eV with FWHMof -115 meV. The time-resolved
photoluminescence measurements also reveal T1 = 22 and 12 = 109 ps for the
catalyiically grownGaNnano-crystals (Fig. 3), indicating the growth of high quality GaN.
In order to investigate the effect of the Ni-catalyst on the cracking ofNH3and the growth of
GaN, the gas composition in the reactor was insitu analyzed using a quadrapole mass
spectrometer (QMS). It was observed that reactive nitrogen species produced in the

presence and absence of the Ni catalyst are different each other and the growth of GaN
mostly occur by the reaction ofGawith atomic Nadsorbed on Ni catalyst.

In conclusion, the Ni-catalyst stimulated the decomposition of NH3gas into the

chemically active nitrogen atoms directly participating in the growth of GaN,resulting in

the increase of the growth rate of the GaNcrystals.
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Epitaxial growih of GaNhas been tried using various kinds of substrates so far. Of all the

substrate, Al203 has been widely used for the GaNgrowih. Besides Al203, SiC is also

expected as one of the most suitable substrates for the GaNgrowih, since SiC has a small

mismatch in the lattice parameters with GaNand has good thermal stability under controlled

atmospheresduring the GaNgrowih. Both 6H-SiC and G~Nhaving wurtzite structure belong

to the samespace group (P63mc). The lattice parameters are as follows : a=3.08, c=15.12A

for 6H-SiC and a=3.19, c=5.18A for GaN. SiC has two opposite surface polarities along

[OOl] direction. Themain objective of our research wasto establish a crystallographic growih

modelof GaNon the (OO' 1)6H-SiC with different polarities of Si andCsurfaces.

Growthmodelof GaNon (OOO1)siSiC

Fig. 1(a) shows the surface structure of (OO' 1)siSiC. Since coulomb attraction works

betweenpositive silicon ions and negative nitrogen ions, nitrogen atoms are deposited on the

(OO' 1)siSiC in the first growih step. Becauseof the covalent nature of SiC and GaN,nitrogen

atoms deposit just above silicon atoms and Si(3C,N) tetrahedra are formed (Fig. 1(b)). In the

second growih step, three gallium atoms bond with one nitrogen atom and N(Si,3Ga)

tetrahedra are formed as shown in Fig.1(c). In the third growih step, nitrogen atoms are

deposited directly above gallium atoms and GaN4tetrahedra are formed (Fig.1(d)). Growih

steps second and third should repeat alternatively and this will result in a complete wurtzite-

type GaNstructure. The Ga-Nbond along the c-axis direction is weakcomparedto other

three Ga-Nbonds in a tetrahedron. The final layer of GaNfilm would be a gallium layer. That

is, Ga-terminated GaNfilms are grownon (OO' 1)SiSiC.

Growthmodelof GaNon (OOO1)cSiC

Fig.2(a) showsthe surface of (OO' 1)cSiC. Gallium atoms are deposited on the (OO' 1)cSiC

in the first growih step for the samereason as described in the previous section. Gaatoms

deposit just abovecarbon atomsand C(3Si.Ga) tetrahedra are fonned(Fig.2(b)). In the second

growih step, each nitrogen atom is deposited onto three gallium atoms and Ga(C,3N)
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tetrahedra are formed (Fig.2(c)). In the third growih step, gallium atomsare deposited directly

above nitrogen atoms and NGa4tetrahedra are formed (Fig.2(d)). In this case, the final layer

of the GaNfilm would be a nitrogen layer. This indicates that N-terminated G~Nfilms are

grownon (OO' 1)cSiC.

These modeling simulations were discussed from the Poling lawS, and comparedwith the

results obtained in the GaNgrowih on SiC substrates in literatures.
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Solid solutions (SiC)1-'(AIN~ - new semiconductor materials obtained in singie

crystallic form in every interval composition [1]. SiC andAlN form non - stop series of solid

solution with awidth ofband gap from 3-6eV, which during definite composition have a

direct gap structure [2]. Excluding this solid solutions (SiC)1'*(AlN~ inherits unique

mechanicaL chemical and thermal properties form silicon carbide. That's why
,

presents

perspective application of them in instruments, working in experimental condition in short

wave region of optical range .

Especially perspective solid solutions (SiC)1-*(AIN~ in

instruments, basedon heterojunctions (injectional lasers, Iigbt diodes, photoreceivers,.,etc). As

such near parameters of lattices and coefflcients of temperature expansions SiC and (SIC).
l-

*(AlN)* allow obtaining heterojunctions on their base with lesser number of defects on

heteroboundary
.

epitaxialThis work wasdedicated in the learning of processes of growih

layers

(SiC)1-'(ArN). from gaseous phases methodsof sublimation and investigation of structural

properties dependingon technical parameters of growitL

Single crystallic epitaxial layers (SiC)1-~(AIN)* grownon substrates SiC polytype 6H

in the temperature range of 2300-2550Kat the pressure of N2+Armixture from 2• 104-

' the zone ofgrowth
.

8• 104 PaIn
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Sublimation etching surface substrates in surplus vapors Si and next growih epitaxial

layers in nonstoppable process allows to decide problem ofdefectness intransitional layers on
the boundaries of substrates epitaxial layers, form due to the passivation of surfaces substrate

of carbon during the dissociation of SiC
.

Definite dependenceon growih speed, composition of epitaxial layers from technological

parameters. Establishmcnt, which effected on the composition of growing layer of solid

solutions (SiC)1-.(AlN). show the relation of partial pressure of argon and nitrogen in the

growih zone. Growih speed increase partial pressure PN2and decreases with the increase in

temperature rmproves the structure completely of the layers

Investigation shows possibility of controlling types of electrical conductivity with a
changein partial pressure of N2in the working chamber. In this work it is shownthe method

used in obtaining anisotype heterostructures n-SiC/p-(SiC)1-.(ArN~ in nonstoppable system

of growing layers
,

Polytype structures and completion of epitaxial layers dependon the contents of

AlN. Layer with x 0.4 have higll completion but with increase in AlN structural completion

deteriorates and also during x~ 0.65 observed block structure and higll nonhomogeneous

composition in volumeand in suface.

Volumehomogeneity was formed and identified by laser introscopic method. In this

work wepresent results of the investigation of the interaction of radiation of nitrogsn laser

( P=15-20kwatt. V=120mvolt., ~=0.337um) on the dynamic reorganization of structural

defects in epitaxial lay ers. It is found that the increase in concentration centers of radiation

recombinants intensive luminescence centers
,
forming andburning of defects
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Becauseof the differences in the elastic, geometric and thermal properties of host materials

involved in modernheteroepitaxial growih, the interfaces of the elaborated structures can be
of variable quality. It is well knownthat materials presenting large lattice mismatchdevelop
misfit strains at their interfaces. Beyondthe critical thickness of the growing overlayer,

extended defects as misfit dislocations can be created and then can propagate into the

overlayer.

Wehave performed a theoretical approach which enables (i) to evaluate the best choice of
host materials for heteroepitaxy and (il) to propose a valuable strategy for optimizing their

interfaces. The essential idea of the theory is based on the relationship between strain

gradient and dynamics as shownby elasticity theory equations. Fromthese equations wecan
identify the Sfactor

- S=~C*j)/p, where ~Cij) are the effective elastic constants and p the

density - as the important parameter of the theory. Smust be considered within an approach
which takes account not only ofthe mismatchof the lattice parameters of the host materials,

but also of the difference in their elastic-density features. The theory implies interface

continuity conditions which must be fulfilled by the host materiaJ:'s relevant physical

propertles.

Wehave considered a wide range of heterosystems including Sil-*C*/Si, Sil-*-yC*Gey/Si, 3C-
SiC/Si, AlN/3C-SiC, GaN/3C-SiC,

...
In heterostructures wherea large misfit exists between

the substrate and the overgrown materia~ the insertion of a transitional layer or the
incorporation of foreign atomsaiming at irnproving the interface quality, mayoiten be useful.

In this case, wedemonstrate that our approach can be used to predict the composition of such
transitional layers. By applying the continuity conditions imposedby the present theory, i,e.,

by performing in-heterostructure semiconductor physics, we are then able to determine
optirnized choices which canbe exploited in heteroepitaxial growih experiments.

- 577-



Technical Digest oflnt7 Conf on SiCandRelated Materials ICSCRM2001-,Tsukuba, Japan, 2001 ThP-7

Formation of Epitaxial MesaStructures on 4H-SiC
(OOO1)and (1120) Substrates

Y Chenl)* T Kimotol), Y. Takeuchi2) H Matsunanul)
l)Department of Electronic Science and Engineering, Kyoto University, Yoshida- honmachi. Sakyo-ku, Kyoto

606-85on
.
Japan

2)Research Laboratories, DENSOCoRP.,500- I Minamiyama,Komenoki-cho, Nisshin. Aichi, 470-cn 11Japan

*corresponding author:

Tel: +81-75- 753-7577, Fax: +81-75- 753-7579. E-mail address: chenyi@vbl.kyoto-u.ac.jp

Silicon carbide (SiC) is a potentially important candidate for high-power and high-

frequency devices, owing to its excellent properties of wide bandgap, high electron saturation

drift velocity, high thermal conductivity and high breakdown field. High-quality

homoepitaxial layers can be obtained at 1.2001 1500OCby chemical vapor deposition (CVD)
utthzmg "step flow growth" on off axrs SIC (OOO1)substrates. Matsunami group has
researched the growth mechanismof SiC on on-axis and off-axis 6H-SiC substrates[1]. The
nucleation, Iateral growth ansisotropy, and effects of off orientation have been described
utilizing mesatables on 6H-SiC (OOO1)substrates[2]. In this paper, wereport the formation of
SiC epitaxial mesastructures on partly masked4H-SiC substrates by a CVDmethod. The
various influences on SiC mesastructure andpolytypes of grown layers are investigated.

In this work, off-axis 4H-SiC (OOO1)80 inclined toward 120> and (1 120) Si face

substrates were used. Maskedsubstrates for mesagrowth were prepared using a photoresist

by a conventional lithographic technique and annealing at 800 oC for 10 min in Ar. The
annealed photoresist (0.5 um-thick carbon layer) as a maskfor mesagrowth can be removed
after growth by oxidizing at 1000 oC. Epitaxial mesas were grown at 1500 oC by
atmospheric-pressure CVDusing a SiH4-C3H8system in a horizontal water-cooled reactor.

The flow rates of SiH4, C3H8,and H2were 0.15-0.30 sccm, 0.15-0.30 sccm, and 3.0 slm,
respectively. Theseconditions have led to the corresponding homoepitaxial growth rates of
1.2-2.5 um/h on maskless SiC substrates. The growth time was 30-60 min. SiC mesa
epilayers were unintentionally doped with a C/Si ratio of 3, and characterized with a
Nomarskimicroscope, a scanning electron microscope (SEM), andRamanscattering.

Figure I gives the Nomarski microscopic and SEMimages before and after mesa
growth on masked4H-SiC substrates. Due to the anisotropy in the lateral growth rate, a
circular opening before growth was deformed into a hexagonal mesastructure after CVD
growth on the off-axis (OOO1)substrate (Fig. 1(b)). Especially, along the [1 120] off-direction

the hexagonal shape is sharper than the other equivalent directions. This is ascribed to an
additional step-flow growth on the off-axis (OOO1)substrate comparedto the growth on an on-
axis substrate. A (OOO1)facet on the off-axis (OOO1)SiC substrate can be seen at the upstream
side of step-flow on the SiC mesastructure as reported by Kimoto and Matsunami[2]. The
(OOO1)facet broadened and the elongated hexagonal mesastructure becamesharper with
increasing the growth time. Agrooved surface emergedat the upstreamside of step-flow or in

the vicinity of (OOO1)facet. Onthe masked4H-SiC (1 1~0) substrate, the mesastructure after

growth almost retained a circular shape (Fig. 1(c)).

Figures 1(d) and (e) show the SEMimages of SiC mesastructure on 4H-SiC
substrates after the carbon maskwasremovedby thermal oxidation. Themaskedregion was
specular without surface degradation, resulting in the successful formation of SiC epitaxial

mesastructures on SiC substrates. Since the surface migration of reactant species on the

surrounding maskinto the growth region occurred during the growth, the growth thickness

profile across the patterned area showsa thicker periphery than the center of the patterned

area.
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As shown in Fig. 2, the lateral growths on the carbon maskare also observed by an
SEMat the upstream and downstreamsides of the [1 120] off-direction. Dueto the occurrence
of additional step-flow growth along the [1 120] off-direction, the lateral growth length on the

carbon maskat the downstreamside is larger than that at the upstream side.

Onthe off-axis (OOOl) maskedsubstrate, 3C-SiC appeared on the SiC mesastructure
at the upstream side of step-flow in the part of grooved surface, but only 4H-SiC epilayers
without 3C-SiC were grown in the part of flat surface (downstream side of step-flow), which
were verified by Ramanscattering. Onthe (1 120) maskedsubstrate, however, no 3C-SiCwas
detected on the SiC mesastructure by Ramanscattering. Circular SiC mesastructures with
smooth morphology can be obtained on the masked(I120) 4H-SiC substrate. Details of 4H-
SiC homoepitaxy on partly maskedsubstrates will be described in the presentation.

Fig. l Nomarski microscopic and SEMimages oi' SiC mesastructure on 4H-SiC maskedsubstrates:

before *'rowth (a), after growth on (b) off-axis (OOOI)and (c) (I 120);

SEMimages *'rown on off-axis (OOOI)(d) and (I120) (e) substrates.

Fig. 2 Cross sectional imagesof SiC mesastructure with adiameter of 60 umgrownon off-axis (OOOI)
substrate. (a) at the upstream side and (b) at the downstreamside of [I120] off-axis.

References:

[IJH. Matsunamiand T. Kimoto, Mater. Sci. &Eng. R20(1997) 125- 166.

[2] T. Kimoto and H. Matsunami. J. Appl. Phys. 76 (1994) 7322.
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Sublimation epitaxy is a technique for growth of thick epitaxial layers with growth rates up to
100 um/h while maintaining smooth as-grown surfaces and conditions for improved structural
quality [1]. The remaining issue of avoiding introduction of impurities from the growth
environment to the epitaxial layer is a challenging task. The purity of the solid polycrystalline
SiC source material used for feeding the epitaxial layer during growth is the most critical issue in
the growth of low dopedSiC Iayers by sublimation epitaxy.

In this paper the influence of impurities, in particular the predominantly existing boron, in
relatively pure source material and the effect of tantalum (which is used in the growth cell to
getter carbon and avoid graphitization of the source and epilayer by increasing the Si/C ratio in
the vapor) has been studied. The layers have been characterized using capacitance-voltage
measurement, deep level transient spectroscopy, minority carrier transient spectroscopy and
cathodoluminescence techniques to detect electrical characteristics of electron as well as hole
traps and impurities. Sublimation epitaxy [2] wasperformed on the Si-face of 4H-SiC substrates
with surfaces off-oriented 8" in the [ll~0] direction. The deposition rate was ranging from -25
um/hup to -200 um/h in the temperature intervall of 1725 to 18000C.The layers are n-type with
net carrier concentrations in the E15cm~3range or low E16cm~3.

Onelimitation in growth of low doped epilayers by sublimation techniques is that very high
purity SiC source material (total impurity concentration cm~3) and tantalum are not
available. The available polycrystalline SiC wafers contain nitrogen, boron and aluminium as
major impurities. The typical concentrations are given in Table I for three suppliers of
polycrystalline SiC wafers (denoted source A, BandCin Table I). Eventhough the overall purity
of source C is improved in comparison to other source materials, it still contains boron. This
study mainly presents results from sublimation epitaxial growth using this source material and
various tantalum foils of different thicknesses andpurity.

Thickness Purity Bconc.
[atoms/cm3]

Al conc.
[atoms/cm3]

Nconc.
latoms/cm3]

Source su lier A LowE16 E15 E17
Source su lier B LowE18 * LowE16
Source su lier C E15- E16 * 16
Ta foil l 25 m 99.997%
Ta foil 2 250 m 99.98%
Ta foil 3 2mm 99.999%

TABLEI. Summaryof purity of polycrystalline SiC source and Ta foil studied in the sublimation epitaxial growth,
impurity levels assessed from SIMSmeasurements.* - below detection limit.
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The source of aluminium seemsto be the tantalum foil.

Wewill show that the thickness and purity of the
tantalum foil are important to avoid aluminium. At
optimized conditions the Al concentration ~f4 the layers
is below the detection limit of SIMS(5xlO cm~3) and
aluminium is not observed in low-temperature photo-
luminescense or cathodoluminescence measurements.
The concentration of boron in the epilayers increases
with increasing growth time, Fig. 1. The shallow boron
center is generally formed in epitaxial growth [3] and
boron in this case is believed to occupy the silicon site

in the SiC Iattice. During sublimation epitaxy the initial

effect of the Ta foil to getter carbon is probably
decreasing and thus the Si/C ratio in the vapor is

decreasing during growth. This provides conditions of
increased incorporation of boron in the epilayer with
decreasing Si/C ratio which is in agreementwith studies
of the site competion effect [4].
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Boronconcentration in the layers vs

growth time.

Most interestingly, in the electrical measurementsweobserve that the compensation level is low
even though the boron concentration as measuredby SIMSis in the sameorder as the nitrogen
concentration or evenhigher while the layers still are n-type. This suggests that most of the boron
is not electrically active. The amount of electrically active boron seems to depend on the
concentration of boron in the epilayer. Investigations of deep levels in the epilayers indeed show
presence of boron. Both shallow boron anddeepboron D-centers are detected in the layers.

Electron trap
(ca ture cross section)

Z i.2
0.4-0.5 eV

(2x 1010 cm2)
0.65

(3xl016 cm2)
1.O

(2xl014 cm2)

Sampletype 1 Sam le l 4.0x 1013 2.7xl013 1.2x 1013 3.0xl013

Samle 2 2.4xl013 l .Ox 1013 * 6.0x 1012

Sampletype 2 Sam le 3 2.5xl013 * * *

Sam le 4 4.0xl013 * * *
Table II. Electron traps detected in two types of layers grown by sublimation epitaxy using source C. * - below
detection limit.

Theconcentration of the Z1,2 electron trap is in the order of -2-4 xl013 cm~3, Table ll. This is in
similar concentration as measured in thick layers with similar doping but grown by high-
temperature chemical vapor deposition at deposition rates ranging from 10 to 14 um/h at growth
temperature 1700"C. The concentration of Zl,2 Wasdecreased to I .3xl013 cm~3in the best case
[5]. Other electron traps, see Table ll, are either in the E12to E13 range or below the detection
limit depending on the growth conditions. Moredetails of the boron incorporation and electron
trap formation related to sublimation epitaxy growth conditions will be presented.

[1] M. Syvajarvi, R. Yakimova, H. Jacobsson, and E. Janz6n, J. Appl. Phys. 88 (2000) 1407.
[2] M. Syv'ajarvi, R. Yakimova, M. Tuominen, A. Kakanakova-Georgieva, M.F. MacMillan, A. Henry. Q. Wahab,

and E. Janz6n, J. Crystal Growth 197 (1999) 155.
L3] A.A. Lebedev, Semiconductors 33 (1999) 107.
[4] D.J. Larkin, Phys. Stat. Sol. (b) 202 (1997) 305.
[5] T. Kimoto, S. Tamura,K. Fujihara, and H. Matsunami, Jap. J, Appl. Phys. part 2(letters) 40, no. 4B (2001) L374.
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Aluminium incorporation in 4H-SiC Iayers during epitaxial growth in a
Hot-Wall CVDsystem

G. Waner, W.Leitenberger, K. Irmscher, F. Schmid*, M. Laube*, G. Pensl*
Institute of Crystal Growih, Max-Born-Str. 2, D-12489Berlin, Germany
*Institute of Applied Physics, University of_Erlangen-Nurnberg
e-mail : wagner@ika-berlin. de

The incorporation of aluminium during epitaxial growih in a horizontal Hot-Wall CVD
s stem has beenstudied in the concentration range from lxl015 cm~3to 2xl018 cm~3. Epitaxialy
growih was performed using silane (2o/o diluted in H2) and propane (50/0 diluted in H2) as

process gases and trimethylaluminium (TMA) as d,oping source. 4H-SiC (OOO1)substrates

off-oriented 8' towards 1~0> with diameters of 35 mm(Cree Res. Inc., SiCrystal) were
used. Before loading into the Hot-Wall CVDreactor the substrates were cleaned according to

the RCAprocedure followed by immersion in a HFsolution in order to removethe surface

oxide. The substrates were etched in hydrogen atmosphereat 1550 'C adding a small quantity

of propane to reduce the surface roughness and to removea residual surface damagelayer

immediately before layer deposition.

Sources of residual background donor impurities, especially nitrogen, maybe the susceptor,

the thermal insulation and the reaction cell. To suppress th~ contamination by nitrogen the

susceptor and the substrate holder were madeof high purity graphite with SiC coating. Argon
is available as a purge gas during loading and unloading the cell.

In accordance with the site competition mechanismthe Nincorporation can be controlled by
the C/Si ratio [1]. In [2] this ratio wasvaried from O.5 to 2by keeping all growih parameters

constant except the propane flow. The expected suppression of the N incorporation with
Increasing C/Si ratio was observed. For a C/Si ratio of 2, the N concentration is already

lowered downto 2xl014 cm~3. Therefore the compensation by unintentional nitrogen doping

can be neglected in the investigated p-type doping range.
Typical ranges ofthe most important parameters for the CVD-experimentsare given in

Table 1.

Table I: Typical growih parameters

silane flow, C/SI ratio temperature system hydrogenpropane flow,
20/0 diluted in H ressure main flow2 50/0 diluted in H2
450 sccm 90 to 120 sccm 1.5 to 2 1550 to

1600 'C
150 to 20 to 50 slm
250mbar

The thickness ofthe epitaxial layers wasdetermined by meansof aFourier transform Infrared

spectrometer and a sofiware package (both obtained from BRUKER)evaluating the

interference fringes which occur In the reflectance spectra. The chemical Al concentration

was measuredby secondary ion massspectroscopy (SIMS) whereas the electrically active

doping concentration was determined by capacitance-voltage (C-V) and Hall effect

measurements.Becauseof the relatively high ionisation energy of the Al acceptors it was
necessary to set the C-V measuring frequency downto 10 kHZ for obtaining the full net

acceptor concentration at roomtemperature.
The Al-doped epitaxial layers showedvery smooth, mirror like surfaces. The net acceptor
concentration estimated from C-V measurementsagreed well with the Al concentration

determined by SIMS. Hence, the passivation of A1 acceptors by hydrogen seemsto play no
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significant role in comparison to boron doping [1] under our growih conditions. The Al
concentration increased strongly with the Al partial pressure.
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Fig. I :AI and net acceptor concentration determined by SIMSand CVmeasurements,
respectively, in dependenceofthe Ai partial pressure

Hall effect investigations were conducted in van der Pauwarrangement. For the evaluation of
electrically active Al concentrations, the Hall scattering factor for holes given in Ref. [3] was
taken into account. TheAl acceptor concentrations determined by Hall effect agree well with
the values obtained from SIMSand CVmeasurements(not shown in Fig. 1). The Hall
mobility values at roomtemperature ranging from 66cm2/Vsto I lOcm2/Vs in epilayers with
Al concentrations varying from 1016 cm~3to 1018 cm~3reflect the high quality ofthe grownAl-
dopedepilayers.

References
[1] D. J. Larkin, phys. stat. sol. (b) 202 (1997), 305.
[2] G. Wagner>K. Irmscher, Mater. Sci. Forum353-356 (2001), 95.
[3] N. Schulze, J. Gajowski, K. Semmelroth, M. Laube, G. Pensl, Mater. Sci. Forum

353-356 (2001), 45.
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Epitaxial growth of 4H-SiCwith hexamethyldisilane HMDS
C. Sartel(1), V. Souli~re(1'). Y. Monteil(1), H. El-Harrouni(2), J.M. Bluet(2), G. Guillot(2)

(1) Laboratoire Multimat6riaux et Interfaces, UCBLyonl
,
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43, bd du I I novembre1918, 69622Villeurbanne CedexFrance

(2) Laboratoire de Physique de la Mati~re, INSA, Bat Blaise Pascal, 7, av. J. Capelle,

69621Villeurbanne France

SiC is a semiconductor of great interest for high temperature and high power electronic

devices. For these applications, high growih rate material is important. In this work, we
studied the homoepitaxial growih of 4H-SiC using hexamethyldisilane Si2(CH3)6 (HMDS)in
place ofthe usual silane/propane system. HMDSis a single source Cand Si precursor. It has

beenused for 3C-SiCheteroepitaxial growih [1
,

2] in order to lower the growih temperature.

The growih wasperformed in a AP-CVDvertical reactor at 1600 and 1500'C on 8'off 4H-
SiC substrates. In this system heteroepitaxy of 3C-SiC on Si at 1350'C with HMDS[3] leads

to a maximumgrowih rate of 6um/h for a C/Si ratio of 3.5. For comparison the maximum
growih rate obtained with the silane/propane system in similar growth conditions is of 3um/h
only. Higher growih rates degrades the crystalline quality.

In this study HMDSwasused as Si andCsource or with addition ofpropane to vary the C/Si

ratio fiom 3to 15. Comparisonwasmadewith the silane/propane system. TheHMDSflow

rate wasvaried from 0.6 to 2.4 scem, which corresponds to a silicon flow rate of I .2 and 4.8

sccmrespectively. The4H-SiC Iayers were characterized by optical microscopy, atomic force

microscopy (AFM), Rarnan spectroscopy and low temperature photoluminescence (LTPL).
Inj~:a-red reflectivity wasused to evaluate the layer thicknesses

The layers exhibit a defect density of about I04 per cm2highly dependent on the substrate

quality. The average AFMroughness (RMS) is 0.5 um (10xlO um scans) for both

HMDS/C3H8and S~4/C3H8precursors. The growih rate ranged from 2.6 to IOum/h for

HMDSflows of 0.6 to 2.4 sccm. The typical growih rate obtained with the silane (0.8 sccm)

and propane mixture is 3.4 um/h. The growih efficiency related to the Si flow is then lower
for the HMDSprecursor. HMDSdo not allow the growih with high C/Si ratios. Only the

layers grownwith a C/Si ~7exhibit a mirror like morphologywhereas the C/Si ratio can be

as high as 15with silane/propane.

J\amanspectra xhibrt woFTOmodc;s ('96 and 776 crri, ) thc r*A (610 cm~1) ar.d the FLf~*,
(964 cm~1) modes.Thequality factor 1c ratio [4], which is the ratio of the intensity of the two
FTOmodes7961776increases by increasing the 'C/Si ratio for both precursors. LTPLspectra

showthe N-BEzero-phonon line Q, with phononreplica. The 77 meVphononreplica ofthe
free exciton transition is also observed. ADAPA1-Nbandwhich waspresent on the substrate

spectrum also appears. Nodifference in these characteristics have beenobserved betweenthe

silane and the HMDSsystem.

[l] K Takahashi, SNishino J. Saraie, J. Electrochemical Soc, 139 (1992) 3565.
,

[2] Y. Chen, K. Matsumoto, Y, Nishio, T. Shirafuji, S. Nisino, Mat. Sci. Eng. B61-62 (1999) 579.

[3] P. Abough6-Nz6,Thesis, Universit6 Lyon I,
january 2001.

[4] C.C. Tin, R. Hl~ J. Liu, Y. Vohra, Z.C. Feng, J. Cryst. Growih 158 (1996) 509.

(*) Tel 33 472 43 16 07 - Facsrmile 33 472 44 06 18 Email veronlque soulrere@unrv lyonl fr
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Introduction
Silicon carbide attracts a considerable attention since it is a promising material as

high-temperature and wide band-gap semiconductor. Lots of efforts are devoted to synthesize

high-quality single crystals for device applications. Recently, single crystals wafers of SiC
with 2inches diameter have beencommercially available. However, becauseof high melting

point, Iarge size of SiC single crystal is still hard to synthesize and is very expensive. Many
trials have beenmadefor preparing epitaxial films as well. It needshigh temperature process
to fabricate the films for the same reason. In this study we report the fabrication of
hetero-epitaxial a-SiC films on sapphire substrates at considerably low temperature
(Ts=820'C) by using pulsed laser deposition (PLD).
Experimental

Silicon carbide (SiC) films were fabricated by a PLDmethodusing the 4th harmonic
(266nrn) of Nd:YAGpulsed laser under the following conditions; the pulse frequency of 2HZ
and the fluence of p=2-20J/cm2. Targets of sintered ct-SiC were purchased from Furuuchi

Chemical Co. Fabrication wasmadeon Si (1 1l) and sapphire (OO1) single crystal substrates.

After ultrasonic cleaning in acetone solvent, the substrate wasset in a vacuumchamberand

washeated to 800'C to clean the surface. All deposition wasmadeunder argon atmosphereof
50Pa, since oriented films did not grow in vacuumat low temperature. The crystallinity and
orientation of the prepared films were exanrined by X-ray diffraction (XRD)using CuKct

x-ray and reflection high-energy electron diffraction (RHEED),respectively.

Results and Discussions
(i) IIL-SiC films on Si substrates

Figure I showsXRDpatterns of the SiC films fabricated on Si (lll) substrates at

800'C using a laser fluence of (a) 20J/cm2 and (b) 10J/cm2. Two diffraction lines are
observed at 20=38.08' and 81.56' which are defmitely assigned to XRDfrom ce-SiC (6H
(103) and 6H (206) for 6Ha-SiC). Lowtemperature stable SiC (p) does not give rise to

signal at the angles. Full width at half maximum(FWHM)of the 6H (103) XRDIine

measuredby co-scan was 0.98', indicating the growih of one-axis oriented crystalline film.

Thegrowih temperature of the film is considerably low comparedwith that of other methods
such as CVD(Ts-1500'C). The reason maybe as follows. Kinetic energy of ejected species

in PLDprocess is muchhigher than that for other deposition process. Thehigh kinetic energy

maysupplement the insufficiency of the energy for crystallization of the film. It is consistent

with the result that the XRDpeak intensity (which correlates to the crystallinity) increases

with increasing the fluence of laser beamas seen in Fig.1, since increasing the laser fluence

maylead to an increase of the kinetic energy.
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At the present time it is not possible to

fabricate the oriented films of a-SiC in vacuumat
_

" (•) 20J/'~
A. 50p.

low substrate temperature around 800'C. The
reason is not clear, but might be as follows. Argon
atoms collide with the ejected particles and may
scatter the componentswith low kinetic energy.

"'

10J/*~As the results only particles with high energy 1~ ' A' 50p.

selectively reach the surface of the substrate and
makehigh quality of films.

(ii) (x-SiC films on sapphire substrates
,. ,. ~ ,~ ,~", ' '.

Wehave tried to fabricate SiC films on 2*h.*. (d.****)

sapphire (OOl) substrates under the deposition Fjgure I . XRDpatterns of SiC films fabricated
conditions of Ts=820'C and p=20J/cm2.

on Si (oo l) at Ts= 800'C with a laser fluence of
Formation of SiC films with c-axis orientation (a) p=10J/cm and (b) 20J/cm2.

wasconfirmed by XRD.The films have different

orientation from that on Si substrates. Figure 2
shows RHEEDpatterns of a sapphire substrate and the film deposited on it. Before the

deposition, two kinds of diffraction patterns are alternatively observed by every 30' rotation

(Fig.2 (a) and (b)), showing the C6symmetry. Thedirection of the incident electron-beam for

the images (a) and (b) is [100] and [210] ofthe substrate, respectively. Afier the deposition of
the SiC, the diffraction pattern (a) turns to the dotted pattern with large separation (Fig.2 (c)).

Thepattern (d) is obtained at the direction where the image (b) wasobserved for the substrate.

These results indicate that the film has the samesymmetryas the substrate. Lattice constant
of the film wasestimated to be -3.02A from the separation betweendotted lines. It agrees
with the reported value (a=3.08A for oL-SiC). These results indicate the epitaxial growih of
SiC films. It is also found from the RHEEDpatterns that hexagonal latnce of SIC (OO1)does

not have the samealignment as sapphire unit lattice (solid line in Fig.3) but have the same
orientation as the oxygen sub-lattice of sapphire (dotted line in Fig.3) which is rotated by 30'
against the sapphire hexagon. The results are reasonably explained by the good lattice

matching of SiC (OOl) with the oxygensub-lattice of sapphire as seen in Fig.3 (The mismatch
is only 4. Iolo).

SiC films fabricated on Si substrates showedno RHEEDpatterns except for Laue
ring which is characteristic of polycrystalline films. It might be because of the large lattice

mismatchof 19.80/0 betweenthe film and Si (1 1l).
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Figure 3. Schematic diagrams showing the

Figure 2. RHEEDpatterns of SiC fi]m on sapphire hexagonal lattice of a-SiC (OOl) and sapphire

substrate (a), (b) before and (c), (d) afier deposition. (OOI)planes.
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Fabrication and characterisation of 3C-SiC Iayers on 6H-SiC(OOO1)substrates

I. Matk03, B. Chenevie~, R. MadaJ;, M. AudieP, M. Dianil, L. Simon2, L. Kublef, D. Aubel2

ID6partement de Physique, FST,BP416, Tetouan, Maroc

2LPSE, UPRES.ACNRS-7014,Facult6 des Sciences, 68093MulhouseCedex, France

3 Laboratoire des Mat6riaux et du G6niePhysique, ENSPG,BP46, 38402St Martin d'H~res,

France

Epitaxial 3C-SiC Iayers on 6H-SiC (OOOl) substrates were obtained in an ultra high vacuum

MBEchamberthrough repeated steps of 2mono-atomicsilicon layer deposition on the (3x3)

reconstruction followed by a carbonization reaction using C2H4gas. Substrates of 6Hstructure

with (OOO1)facets of I cm2area, grownby the modified Lely method, were on-axis N-doped

single crystals. The3C-SiC Iayer growth wascontrolled in situ by LEED,XPSandXPD.The

microstructure of one deposited layer was identified by transmission electron microscopy

(TEM)on a thin foil specimencorresponding to a cross-section of the layer. Wefound that

such epilayers of 16 nmthickness are epitaxial and formed by a single 3C-SiCphase. Their

epitaxy with substrates corresponds to a (111) plane of the cubic structure parallel to the

(OOO1)6H-SiC plane at the interface and a [110] direction of 3C-SiC parallel to a [1100]

direction of the hexagonal structure. However, as such an epitaxial relationship implies three

orientation possibilities the 3C-SiC structure with respect to the substrate, twinned domains

were formed. Whenexaminedby TEM,superimposedtwinned domainsoriented along 10>

zone axes give rise to moire' effects, which havepreviously beendiscussed without reaching a

clear understanding of their origin [1]. Weshow at least, how the assumption of a 9R

polytype can be ruled out from a careful analysis of both high resolution images and

corresponding electron diffraction.

[1] U. Kaiser. P.D. Brown, A. Chuvilin, I. Khodos,A. Fissel. W.Richter, A. Preston. C. J.

Humphreys,Materials Science Forum, 264, 259(1998).
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Formation of extremely thin, quasi-single-domain 3C-SiC film on on-axis

Si(OO1) substrate using organo-silane buffer layer

, Maki Suemitsu
ResearchInstitute ofElectrical Communication, Tohoku Universty

Katahira 2-1-1, Aoba-ku, Sendai, Japan. Tel.&Fax.:+81-22-217-5484

E-mail: nakazawa@bunshi.riec.tohoku.ac.jp

Heteroepitaxially grown 3C-SiC on Si provides one of the possible solutions to the

problems of limited diameter and the micropipes of present SiC wafers. Theheteroepitaxy,

on the other hand, suffers formation of several kinds of defects in the grown film. Among
them, anti-phase boundary (APB) is considered to be the hardest barrier to eliminate, which
forms deep levels in the energy gap and acts as scattering centers for carriersl. To suppress
APBSat the interface and their subsequent development in the growing film as well, miscut
Si wafers have been used to facilitate anisotropic growth to develop predominant domains2.

Theproblems with this methodare the formation of defects in the grownfilm triggered by the

surface steps on the miscut Si substrate3 and the possible degradation of the device charac-
teristics formed on the inclined film suface. To overcomethis, a methodhas to be devel-

oped to realize the single-domain surface without using miscut surfaces. Wehere present a
newmethodto grow a quasi-single-domain 3C-SiC film on on-axis Si(lOO). Whatshould
be emphasizedis the extremely thin thickness (45 nm)ofthe film, which is comparedto that

required in a previous study (>5 ,1 m)1 to achieve the single-domain surface on an on-axis

Si(OOl) substrate.

Themethodstarts with formation of a 3C-SiC interfacial buffer layer on on-axis Si(OO1)
substrate at T*=650'C4 using monomethylsilane (SiH3CH3; MMS) at PMMs=5.0xl0-5Torr.

Sampleswere resistively heated by passing a DCcurrent along either [100] or [1-lO] direc-

tion. A3C-SiC film wasthen grownonto the buffer layer (Organo-silane buffer layer: OS-
buffer layer) at T,= 900~Cusing MMSat PMMs=5.0xl0-5 Torr.

Figure I presents a reflection-high-energy-diffraction (RHEED)pattem from the on-axis

Si(OOl) surface flash-annealed at 1000'C. The pattem, nken along the [llO] azimuth,

showsa (2x I)+( Ix2) reconstructed surface structure with Kikuchi lines, which indicates a
presence of atomically flat, double-domain suface on this starting substrate. Figure2 shows

a RHEEDpattern from the OS-buffer layer prepared at T*=650'C. PMMS=5.Ox I0-5 Torr for 5
minutes. Appearanceof only 3C-SiC spots indicates the formation of a uhiform, single-

crystalline 3C-SiC buffer layer that fully covers the Si substrate. Cross-sectional TEMob-
servation4 indicates formation of an atomically flat SiC/Si interface without voids at this low
temperature, which is ascribed to the unique adsorption nature of the MMSmolecules5

.

Whena 3C-SiC film was grown onto this buffer layer using a resistive heating along the

[IOO] direction, the [IIO]-RHEEDpattern presented fundamental spots as well as 1/2-0rder

streaks, while the [1-10] pattern presented only fundamental spots. With post-amealing at

lOOO'Cfor I minute, the intensity of the l/2-0rder streaks developed in the [110]-pattern (Fig.

3(a)) and a newset of 1/3-0rder streaks appeared in the [1-10] pattern (Fig.3(b)). There

were no l/3-0rder streaks in the [110] pattem and the l/2-0rder streaks in the [1-lO] pattern
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were very weakas comparedwith I/3 -order streaks. These results suggests successfiil for-

mation of a 3C-SiC(OOl) single-crystalline film with quasi-single-domain 3x2-reconstructed

structure on the on-axis Si(OOI)substrate

The [100] direction of the DCcurrent used above is tilted 45' from the surface atomic

steps of the Si(OOI)substrate, if any. To investigate the effect of the current direction on the

film growih, experiments using a current along [I- IO], a direction, parallel or perpendicular

to the atomic steps on Si(OO1) surface, have been conducted. The [110]-RHEEDpattern

after a post-anuealing at temperatures 900-1200'C, showedfundamental spots and l/2-0rder

streaks. This indicates that the surface reconstruction occurs in such a waythat the dimer

rows are perpendicular to the current direction. Applying a reverse current ([-110] direc-

tion) gave no change in the surface reconstruction, i,e., the fundamental spots and the l/2-

order streaks without the I/3 -order streaks in the [11O]-RHEEDpattem. Theseresults indi-

cate that the formation of a 3C-SiC(OOI)single crystal with an almost single-domain 3x2 sur-

face structure is formed regardless of the current directions. Although the origin for the an-
isotropic growth and the mechanismfor the reordering of the surface are not yet understood,

the technological importance of the present method that realizes the formation of quasi-

single-domain 3C-SiC film on on-axis Si(OOl) at such a thin film thickness should be obvi-

ous.

FiG. I RHEEDpattem from Si(OOl)

(2* 1)+(1 x2) clean suface

(a) (b)

FiG.2 RHEEDpattern from OS-
buffer layer on Si(OO1)

FiG.3 RHEEDpatterns along [110] (a) and [1-10] (b) azimuths from 3C-SiC(OOl) film

grownon O'-off Si(OO1) substrate post-aunealed at above IOOO'C.
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In order to investigate the effect of the supply of hydrogen radicals during the SiC growih, SiC
films were grown on Si substrates by low-pressure thermal CVD(LPCVD)and inode plasma CVD
using dimethylsilane (DMS). Activation energy for the epitaxial growth rate of SiC by LPCVDwas
estimated as about 90kcal/mol, whereas that by triode plasma CVDwas about 45kcal/mol.

Comparedto the growth rate in the case of monomethylsilane (MMS), the activation energy was
20kcal/mol larger whenLPCVDwasused, reflecting the molecular composition, while that wasabout
the samewhenthe triode plasma CVDwasused. Therefore, the rate-determining step for the SiC
growth is considered to have beenvaried by supplying hydrogen radicals.

1.
Introduction

Silicon carbide (SiC) is a wide band-gap

semiconductor with large breakdown voltage,

large saturated electron dnft velocity and large

thermal conductivity. Therefore, SiC has been
intensively studied for the devices operating at

high power, high frequency and high tempera-
ture. Amongmany polytypes, 3C-SiC with

zincblende crystal structure can only be grown
on Si substrates. Successful heteroepitaxy of

3C-SiC on Si has been achieved by atmosphere

pressure chemical vapor deposition (APCVD)
method at 1350'C using silanes and hydrocar-

bon gases afier carbonization process[ll. Such

a high growth tcmperature resulted in the

generation of the residual stress (tensile) and the

high-density defects such as dislocations and
voids in the SiC films and in the film-substrate

interface, due to large difference in thermal ex-
pansion coeffrcients between SiC and Si and to

the high vapor pressure of Si, respectively.

Therefore, Iowering the growth temperature of
SiC on Si is eagerly desired. Moreover, silane

used for 3C-SiC growth is phyrophoric gas.

Therefore, a carefully designed safety deposi-

tion system is required. Using a altemating gas
supply methodof SiH2C12and C2H2under low

pressure afier carbonization, the high quality

3C-SiC epitaxial films have been grown at

lOO0-l050'C[2]. The supply of hydrogen radi-

cals without high-energy charged particles is

also effective to the reduction of the growth

temperature. In our previous study, the 3C-SiC
films have been grown directly on Si substrates

using MMSdiluted with hydrogen by triode

plasma CVDand LPCVDwithout carbonization

process [3]• The organosilicon compounds
such as MMSand DMSare considered to be

promismgcandidatcs for the epitaxial growth of

SiC because of their non-toxic and non-
pyrophoric properties.

In this study, in order to investigate the

effect of the supply of hydrogen radicals on the

growth characteristics, SiC films were grown on
Si substrates by LPCVDand inode plasmaCVD
using DMS.

2. Experimental
The triode plasma apparatus has a mesh

grid electrode between the cathode and the
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anodeof a
conventionai diode type plasmaCVD

chamber, as described in a previous paper [3]-

Strips cut from Si wafers ((111) just and miscut

(OO1) 4' toward [110]) of about 8mmwide and

15mmlong were used as the substrates. After

evacuating growth chamberto I0~4Pa, the exper-

iment was perfonned. Experimental condi-

tions are the same as the case of SiC growth

using MMS,i.e. H2 flow rate 400 sccm, DMS
gas pressure during film growth 1.3X lO~3 Pa,

gas feed ratio H2/DMS=1700,substrate temper-

ature 900-lIOO'C, total gas pressure during the

growth 133 Pa, rf power 100 W. Hydrogen

plasma was generated by an rf (13.56MHz)

powersource.

3.Results and discussion

Figure I shows the dependence of the

growth rate on the growth temperature in the

both cases of LPCVDand triode plasma CVD,
The growth rate by inode plasma CVDwas
large compared with that by LPCVDin the

whole temperature range of 900 to 1100'C.

Activation energy for the SiC growth by triode

plasma CVDcalculated from the slope in this

region was about 45kcal/mol irrespective of the

substrate orientation. This energy was about

the same as that of 43kcal/mol in the case of

inode plasma CVDusing MMS. Onthe other

hand, the activation energy for SiC growth by

LPCVDwas90kcal/mol. This value was20kcal/

mol larger than that in the case of MMS,and

growth rate by DMSwas far smaller than that

using MMSbelow 1000'C. This difference in

the activation energy considered to be due to the

difference in the molecule compositions

Supplying the high-density hydrogen radicals

produced by inode plasma CVD,the activation

energy becamesmall by 45kcal/mol compared

with that by LPCVD. The dissociation energy
of Me-SiH3 in MMShas been reported to be

85kcal/mol [4]
•

The activation energy for the

H-desorption from the polycrystalline 3C-SiC

surface has been reported to be 63 and

72kcal/mol, using temperature-programmed

desorption [5]. Therefore, the high-density

hydrogen radicals are considered to enhanced

not only the hydrogen desorption from SiC

surface but the desorption of methyl groups.

SiC films were growneven at 900'C using

triode plasma CVD,while the growth was not

observed in the case of LPCVD. For the SiC

epitaxial growih, the growth temperature higher

than 900'C is required due to the requirement of

the desorption of Hatoms from C-H bonds on

SiC film suface [6]
.

From these results, the

enhancement of H-desorption from SiC film

suface by hydrogen radicals wasconfirmed
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SiC is a potentially important material for as high speed, high efficiency, and high

power semiconductor because of its wide band gap and its isotropic electron mobility.

3C-SiC has high electron mobility; high saturated electron drift velocity and thermal
stability in the poly-type of SiC. Recently, the growth of 3C-SiCon Si substrate has been
studied intensively. However, there are some problems, such as that the growth

temperature is high, and the lattice mismatching of a SiC/Si interface produces defects in

the grown crystal. Lower growth temperature is required becaYse the impurity atoms
diffuse into crystal at the high temperature.

In order to solve those problems, wehave used monomethylsilane (MMS)as a source

gas which has one atom each of Si and Cin a molecule, this one source system can be
simpler for both the equipment and the process than the two source gases system using
silane and hydrocarbon. Growth of 3C-SiC on Si using MMSis reported in the

low-temperature region [I,2].

In our study, thin SiC films have been successfully grown at the substrate temperature
of 850oC with a MMScracking temperature of 1200 oc by very low-pressure chemical

vapor deposition (LPCVD).Thegrowth chamberwasevacuated with turbo molecular and
rotary pumpsand washad a backgroundpressure of I0~8 Torr. MMSwassupplied into the

cold-wall vertical CVDreactor through a cracking cell. The cracking temperature was
varied from Oto 1200oC. Theflow rate of MMScontrolled by amass-flow controller was
varied from Osccmto 2sccm. Growthof SiC on Si(100) wasconducted with 2sccmfor 3
hours andMMSpressure of 1.0X 10~5 Torr, where thin SiC films havebeengrownwithout

an initial carbonization step on Si (100).

Thegrown films are analyzed using auger electron spectroscopy (AES), grancing angle

X-ray diffraction (XRD)and Fourier transform infrared absorption spectroscopy (FTIR).

XRDpattern indicates that the grown films on Si(lOO) substrate is 3C-SiC under the

conditions. The depth profile of the chemical composition from the surface to interface

has been investigated by AESusing Ar ion etching. It tums out that the growth rate of the
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film was 1.5 nm/min and the C/Si ratio was about unity. The obtained SiC films are

characterized by FTIR absorption spectroscopy. The strong peaks of Si-C bonds

(stretching vibration) near 800cm~1and Si-H bonds (wagging vibration) near 600cm~1are

observed in the IR absorption spectra [3,4] as shown in Fig.1. Si-O absorption peak is

considered to be backside oxide of substrate from Attenuated total reflectance method.

As a result, absorption FTIRspectra suggest that Si-C bonds are transferred from gas to

film since Si-C and Si-H bondhave nearly equal binding energy.
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Fig.1: Absorption FTIR spectra obtained from the grown film on Si(100) at 850 oCwith a
cracking temperature of 1200"C, at MMSpressure of 1.0X 10~5 Torr.
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The 3C-SiC has been grown mostly on Si substrates in CVDsystems using the
reaction of SiH4 (or Si2H6) and C3H8(or C2H4, C2H2)at high temperatures above 1300~C
[l]. But it is diffrcult to grow high quality 3C-SiC on Si because of big mismatches in
lattice constants (~~ 20 o/o) and thermal expansion coefficients (~ 8o/o) betweenSiC and
Si. The use of a single organosilane precursors has been investigated [2-4]. The
organosilane precursors contain directly bondedSi andCatomsanddecomposeat relatively

low temperatures. Tetramethysilane (TMS)single source have reported to grow successfully
high quality 3C-SiC on Si at relatively low temperature below about 1000iC [3-5].

However, the previous works have mainly focused on the growth and characterization of
3C-SiC films. The kinetic study should be carried out to fully understand the growth
process of high quality 3C-SiC film from TMS.Thekinetic data are also important for the
design of CVDreactor.

In this work, we investigated the growth kinetics of 3C-SiC films on Si(111) by
pyrolyzing TMS.Figure I showsthat the SiC thickness increases linearly with the growth
time with the values of 12.3, 22.9, 45.1, and 84.0 nm/minfor 0.5, 1.0, 2.0, and 3.0 sccmof
TMSflow rates, respectively. XRDand Ramanspectroscopy indicated that the grown films
is 3C-SiC(111). The growth rate increased with the growth temperature. The activation

energy of the SiC growth was measuredfrom Arrhenius plot madeusing the rate data
measuredat different temperatures (Figure 2). The measuredactivation energies are 72.2
and 38.16 kcal/mol in the temperature ranges of 1100 -

1250~C and 1250 -
1420~C,

respectively. QMSspectra of TMSshowedthat CH3SiHn(m/e = 42- 45) and (CH3)3SiHn
(m/e = 72- 74) are major characteristic peaks for TMSwith weakintensities of CHn,C2Hn,
SiHn, and (CH3)2SiHnPeaks at m/e of - 15, - 26, - 30, and - 58, respectively. Figure

3shows that with increasing the temperature, the partial pressures of hydrocarbon related
species increase, while those of silicon related species decrease. Onthe basis of the above
observation, the growth mechanismof ~-SiC film in our growth system maybe proposed
in the following alternating reactions of gaseous Si atom and CH3radical. The TMS
molecules are thermally decomposedto produce a gas mixture containing plenty of carbon
sources and Si atoms. TheCH3radical mayadsorb on hydrogen treated clean Si surface as a
carbon source. At high temperatures, the adsorbed CH3radical decomposesinto CH*(x
species, or comesunder the attack by another CH3' in the atmosphereof abundant CH3'

to produce the adsorbed CH*(x species and CH4gas, and subsequently CH*bond is

broken by reacting with Si atom to liberate H2 gas, Ieaving the formation of SiC bond.
GaseousSi atom are absorbed at hollow bridge site on C-terminated surface by surface
migration or by direct arriving, forming Si terminated surface of 3C-SiC films.
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In view of its excellent thermal, mechanical and electronic properties such as wide bandgap
and mobility, 4H silicon carbide (SiC) is an important semiconductor material for high
temperature and high powerdevices. Theperformances ofthe silicon carbide devices depend
ofthe structural quality ofthe substrate and its purity, but, also from the process ofthe device.
The most important structural defects in SiC crystals are misoriented domains, inclusions,
macrodefects, dislocations and micropipes Ll]. At the moment,these defects were found to
severely limit the quality of the SiC devices. This paper is devoted to the topographic
investigation of the structural defects in the substrate and those induced by the processing of
Schottky diodes on 4Hsilicon carbide wafer.
Schottky diodes with a surface of 0.05 to 2mm2were madeon a 35 mm4H-SiC wafer from
CREE.Thesubstrate was8' off-axis. A6umthick epilayer wasgrownusing CVDtechnique
at about 1400'C with a n-type doping. Ti wasdeposited and patterned on the n-type layer to
realize the Schottky contact.On the backside ofthe substrate the ohmic contact is obtained by
a full sheet metallization. Structural defects were investigated by Synchroton Topographyat

ESRFbefore any operation, after epitaxy and after metallization. Finally, someSchottky
diodes were tested to do the relation betweenstructural defects and their electrical properties.

Three techniques of Synchrotron topography were used to investigate the structural defects.

White beamprojection topography showthe defects inside the bulk of the sample. Whereas,
white beamreflection topography has the advantage to showonly a small thickness at the
surface ofthe crystal. In our case this thickness is about 20 um. It is a very useful technique to
study an epilayer. The third technique, called zebra patterns technique, consists in

illuminating the crystal with a monochromaticbeam, E=17keVin our case. Becauseof the

curvature of the crystal and the narrow wavelength selected by the monochromator, only a
few part ofthe crystal diffracts. To study the entire sample, it is necessary to turn the sample
on itself. A step by step rotation gives a zebra pattern, see for example Fig I , 2and 3.

The
curvature and the structural defects can be observed by this method.
Fig I is a zebra pattern of the substrate before epitaxy without any other operation. The
rotation betweentwo exposures wasAco=0.005'. This angle and the numberofthe line on the
image meanthat the radius of the curvature is about 6 m. This topograph shows also a
subgrains, indicated by an arrow on Fig. I _

The misorientation is about 30 arcsec. The
complexcontrast inside the circle is associated to the deformations around a micropipe.
Fig 2 and Fig 3 are zebra patterns recorded after the epitaxy and afier the metallization
respectively. Of course, the defects as such the micropipes and the misoriented domains
remain in the crystal. A more profound analyze shows that no structural defects have been
created during the process. Only the curvature radius wasmodified. Afier the epitaxy, it was
about 50 mand was11mafter the Schottky device process. The first changeprobably comes
from an annealing phenomenonduring the epitaxy. And the second one is certainly due to
stress provoked by a polishing of the back face of the wafer madeafter the epitaxy This
polishing is necessary to obtain a goodmetal-semiconductor contact,
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Fig 4 is a white beamreflection topograph of a part of the wafer afier all the process (OOOl

reflections. Thewhite spot indicated by an arrow correspond to a micropipe [2]. Smaller spots

in the image are elementary screw dislocations. Because the boundary of the diodes are
visible, probably due to stress introduced by the metal, wewere able to locate each diode on
the topography- So wemadethe relation between the electrical properties of the diodes and
the structural defects in the wafer. Wewill discuss about the agreementbetweenelectrical and
structural defects.
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Accumulation-mode4H-SiCMOSFETSare being investigated to circumvent the poor inversion-
layer mobility problem, In this work, wereport on unusual hysteresis in transfer characteristics in

n-channel depletion/accumulation-mode 4H-SiCMOSFETS.Hysteresis in transfer characteristics
is observed between forward (depletion to accumulation bias) and reverse gate voltage sweeps
(accumulation to depletion bias). For the reverse gate voltage sweep, the MOSFEThas apositive
pinch-off voltage (-7V), i,e., the depletion/accumulation-mode MOSFETis normally-off

N-channel depletion/accumulation-mode MOSFETShave been fabricated on p-type 4H-
SiC epilayers with nominal epilayer thickness and doping concentration of lOumand -7xl015
cm~3 respectively. The source/drain regions were implanted with phosphorus, and the channel
region was implanted with nitrogen. The implants were annealed at 1200~Cfor one hour in

argon. The deposited gate oxide underwent oxidation and anneals in wet and dry ambient. The
channel region was implanted to a junction depth of -0.2um with a total dose of Ix

1012 cm~2in

the wet oxide sampleand3x 1012 cm~2in the dry oxide sample.

Measurementswere taken on circular geometry MOSFETSWith (W/L)=8 and L=100um.
The hysteresis observed in the transfer characteristics for the forward and reverse gate voltage

sweeps is shown in Fig. I .

For large gate voltages, under accumulation, the transfer

charactenstlcs for the forward and reverse voltage sweep are the same. No hysteresis was
observed in the transfer characteristics on inversion-mode MOSFETSfabricated on the same
chip, indicating that mobile ion contamination is not the cause ofthe hysteresis.

Fig. 2showsthe transfer characteristics for forward voltage sweepwith different starting

gate voltage. As the starting gate voltage becomesmorenegative, the ID-VG curves shift to the
lefi and the channel pinch-off voltage is morenegative. The channel cannot be pinched off for

reverse voltage sweepwith VG=-30Vto 70V. Similar shift in the ID-VGcurves wasalso observed
for reverse voltage sweepswith different starting gate voltages. For less positive starting gate
voltages, the ID-VG curves shifted to the lefi (Fig. 3). For both the forward and reverse voltage

sweep, the end voltage did not have any affect on the ID-VGcharacteristics. Fig. 4comparesthe
hysteresis observed between forward and reverse voltage sweepsat 25~Cand 100~C. Thepinch-
off voltage is more negative at higher temperatures due to an increase in the channel doping
concentration due to increasing ionization. Table I comparesthe pinch-off voltage at different

temperatures; the hysteresis decreases at higher temperatures. Similar results were also obtained

on depletion/accumulation-mode MOSFETSOnthe dry oxide sample.

The hysteresis and the shift in transfer characteristics are attributed to changes in the
effective oxide charge because of changes in interface state occupancy. The interface state

occupancychangesdepending on the magnitude of the starting gate voltage and the direction of
gate voltage sweepresulting in hysteresis in the transfer characteristics.

Acknowledgements:The authors from RPI gratefully acknowledgethe support of this work by
Philips Research, the Office of Naval Research under MURIContract #MOO014-95-1-1302,
DARPAunder contract #MDA972-98-C-OOOIand NSFCenter for PowerElectronics Systems
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- 598-



L)
.S

a:l

h(:~

l0~5

l0~7

l0'9

l0~ll

l 2

1 -20V to 70V
2 70Vto -20V

-20 20 6040O
Gate Voltage (V)

Fig. I : Hysteresis in transfer characteristics for

forward and reverse gate voltage sweeps.

1O~s

10~7

~';::

o~5~
F~

l0~9'~i

~C:l

lO' Il

3

l

2

l
2

-10V to 70V

*20V to 70V

-30V to 70V

l0~5

~ l0~7

F::

rt)

t:
:$

L)
;:: lO*~cs
hC:l

l0~ll

5
6

1
2
3
4

1
2
3
4
5
6

70Vto -20V
60Vto -20V
50Vto -20V

40Vto *20V

30Vto -20V

20Vto -20V

-40 20 40-20 O 60

Gate Voltage (V)

Fig. 2: Shift in transfer characteristics for different
starting gate voltages in forward gate voltage sweep.

lO's

l0'7

~'F:

o~
L)

F::
l0'9'~I

r:)

lO~ll

-'~
25'C

lOO'C

-20 20 6040O
Gate Voltage (V)

Fig. 3: Shift in transfer characteristics for different
starting gate voltages in reverse gate voltage sweep.

-20 20 6040O
Gate Voltage (V)

Fig. 4: Comparisonof hysteresis in transfer

characteristics at 25'C and IOO'C.

Table I: Comparisonof pinch-off voltage betweenforward and reverse gate
voltage sweepat different temperatures

Temperature
('C)

Vp, F(Forward
Sweep)

Vp, R(Reverse
Sweep)

AVp=Vp,

F

25 -14.5 7.o 21 .5

50 -17.5 l .5 19.0

75 -18.5 -3 ,o 15.5

lOO -17.0 -6
. 5 10.5

125 -17.5 -9.5 8.0

150 -18.5 -1 l 7.5
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Lattice damagerelated defects responsible for the famous DI and Dn optical emission were
previously attributed to a silicon di-vacancy and a carbon di-interstitial respectively.1'2,3 However,

no clear understanding of the mechanismfor their formation during implant anneal is available

yet. In addition, no experimental data was reported on the depth distribution of the DI and the Dn
centers, which could help to better understand the mechanismfor the defect formation as well as
could be important from the point of view of SiC devices performance.

In this letter, the depth distribution of the DI and the Dn defects that were formed by high

temperature annealing of nitrogen implanted samples was investigated by etching the samples to

different depths. Theetching removedconsequently increasing portion of the near-surface layer in

which the corresponding defects resided, which allowed to use PLto probe consequently deeper in

the bulk of the epilayer. ThePL spectra of a sample before and after the top 0.45 microns of the

material were rernoved by reactive ion etching are shownin Fig. I .
The intensities of the DI Iines

Ll, L2, andL3 are still strong after the etching - as muchas about 600/0 Of what wasmeasuredfrom
the sample before etching. This indicates that the corresponding defects penetrate well beyond
0.45 umin the depth of the material during the defects formation. Onthe other hand, the Dn
photoluminescence has completely disappeared after the etching. In order to obtain a more
quantitative picture of the depth distribution of the DI and the Dndefects, a group of samples was
subjected to a series of RIE etches followed by PLmeasurements.Intensities of the DI and the Dn
photoluminescence normalized to their initial values before etching are plotted versus the etch

depth if Fig. 2. TheDI PLdid not disappear till significantly beyondthe end of the ion penetration

range (vertical dashedline in Fig, 2). TheDnPLdisappeared with depth muchearlier than the DI'

The observed localization of the Dn PL in the region that does not extend beyond the ion

penetration range indicates that there is neither a significant diffusion of the Dn defects

themselves nor a significant diffusion of initial intrinsic defects that combine together to form the

Dncenter. Moresystematic "profiling" shownin Fig. 2confirms this statement. Contrary, the DI

PL emission was still observed significantly beyond the end of the ion penetration range. This

meansthat the distribution of the DI centers is determined not only by the penetration depth of
initial defects after the implantation but also by a higher diffusivity of the initial defects that

combine together to form the DI center during the annealing. The described difference in the

distribution of the DI and the Dudefects after the implant annealing in 6H-SiCwill be discussed in

a possible connection with the mobility of the original lattice damagedefects as well as with the

efficiency of their pairing to form the DI and the Dncomplexes.4,5,6 Additional experiments are
conducted to verify also a possible role of the different implanted species and their tendency to

occupy different lattice sites during implant annealing. Thepattern of the depth distribution of the
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DI and the Dncenters should be taken into account in studying the influence of lattice damage
defects on the performance of SiC devices.
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Thermal admittance spectroscopy is a useful tool which allows one to obtain important
information, such as activation energy and capture cross-section, about impurity levels in

semiconductors [1 -7]. Admittance spectroscopy wasextensively used to find the activation

energies oftechnologically important SiC impurities [4-7]. The technique is basedon a strong
dependenceof the semiconductor junction differential admittance on the temperature and
measurementac signal frequency in the case of a semiconductor with an incompletely ionized
impurity. The real part of the junction admittance, the conductance, exhibits apeak in its

temperature dependencewhenthe irnpurity ionization time constant is comparablewith the ac

measurementsignal period. The imaginary part of the admittance, the capacitance, has an
inflection point in the sametemperature range.

In most variants of the admittance spectroscopy technique the natural logarithm of the

measurementfrequency is plotted versus the corresponding conductancepeak positions on a 11T
scale. Theresulting Arrhenius plot is then approximated by a straight line whoseslope is

proportional to the impurity activation energy and intercept determines the capture cross-section.

Linearity of the Arrhenius plot follows from a rather simplified assumption of proportionality of
the measurementsignal frequency and the average impurity emission coefficient, for which the

conductance has a peak, with the proportionality coefficient being either equal to I [Ref. I] or
equal to 2[Ref. 2]. In a recent paper [8] weshowedthat this proportionality coefficient depends

on the impurity ionization probability in the semiconductor bulk andon the junction potential

distribution. These factors lead to the nonlinearity ofthe Arrhenius plot. The impurity ionization

probability dependson temperature and impurity atomconcentration, while the potential

distribution additionally dependson the measurementsignal parameters. In the Ref. [8] wederive

an equation which describes the influence ofthe impurity occupation in the semiconductor bulk

on the effective impurity time constant. In the present work weinvestigate the influence of the

junction potential distribution on the effective impurity time constant, Using our general model
of the junction admittance [9] weshowthat the proportionality coefficient betweenthe impurity
ionization time constant and the emission coefficient is a strong function of the potential

distribution, which is important to take into account in the Arrhenius plot analysis.

Junction admittance is proportional to the space charge region charge change in response to

a bias change. Theproportionality coefficient, or the susceptibility function, is acomplex
quantity, which reflects the delayed response of the impurity ionization processes to bias

changes. Obviously, this delay causes the junetion potential to be complexas well. Junction

conductance is proportional to the imaginary part ofthe integral over the space charge region of
the product of the potential and the susceptibility function. Traditional analysis takes into account
only the real part of the junction potential. However, calculations showthat the product of the

imaginary part of the potential and the real part of the susceptibility function maybe comparable
to the product of the real part ofthe potential and imaginary part of the susceptibility function;
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these two products have opposite signs. Since conductance is detennined by the sumof these

products, it maydiffer greatly from the value of conductance predicted by the traditional analysis.

This statement is illustrated by Figure I . Onthis figure, integrals of the cross-products of the real

and imaginary parts of the potential and susceptibility function and their sumare plotted versus
temperature for N-doped6H-SiC (the activation energy is taken equal to O. 14 eV, which
corresponds to two k-sites).
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Figure I .
Componentsof the product of the junction potential (p and the susceptibility

function F in N-doped6H-SiC. EA=0.14 eV, N=1016 cm~3, a=2.7x 10-16 cm~2, co=4~x104 Hz.

Theproduct of the real part of the potential and the imaginary part of the susceptibility function

has a maximumat about 120 K. At this temperature, in accordance with the traditional theory,

the impurity emission rate is approximately equal to half the measurementfrequency. However,
the other product also has an extremumat about the sametemperature, and the sumof the two is

maximalat a significantly lower temperature of 101 K, where the emission rate is 18times
smaller than at 120 K. Thus, neglecting to take into account the potential distribution in

AJ,thenius plot analysis produces erroneous values of impurity activation energy and capture
cross-section.

Wereport on a detailed analysis of the impurity time constant behavior in SiC as a function

of impurity parameters (activation energy andconcentration) andexperimental conditions

(temperature, bias frequency and amplitude).
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Introduction
Single crystalline silicon carbide (SiC) is expected to be an excellent material for making high

power electronic devices used under severe environment such as intense ionizing radiation field

with high temperature. There is considerable interest in the mechanismof radiation darnage in

electronic semiconductor devices, which can be operated under intense ionizing radiation field.

Therefore it is necessary to understand the characteristics of the radiation damageand annealing
properties of the defects. However,only a little has beenknownabout radiation induced defects in

p-type SiC. In this study, wehave performed electron spin resonance (ESR)measurementsof p-
type 4Hand6H-SiC irradiated with reactor neutrons or high-energy electrons.

Experimental
The samples used in this study were obtained from Cree Research Incorporation. The carrier

density of Al-doped p-type 4Hand 6H-SiC used in the present experiment was the order of

1018/cm3. The irradiations wereperformed at the low-temperature irradiation loop facility (LTL) of
the Kyoto University Research Reactor Institute (KUR) and the electron linac (LINAC) of the

KUR.At the LTL, SiC sampleswere irradiated with the fast neutron fluence of 6x I016n/cm2. The
LlNACwasoperated under the following conditions: accelerating voltage; 22 or 30MeV,pulse
width; 3,1 s, repetition; 30pps, and peak current; 500rnA (average current about 40!!A). The
neutron fluence wasmonitored by the activation methodwith Ni foils. Isochronal annealing was
performed in the temperature range between 100~C and 1500~C for 5 minutes in helium
atmosphere. Electron spin resonance (ESR) spectra were measuredat roomtemperature (RT) and
liquid nitrogen temperature (LNT) with an X-band (9GHZ) microwave incident on a TEllO
cylindrical cavity using the JEOLJES-TE200.

Results and discussion
Figure I showsESRspectra at (a) RTand (b) LNTfor electron(22MeV)-irradiated p-type 4H-

SiC with 1018 n/cm2. TheESRsignals termed K1(Vsi), K12, K11(Vc), K1(Vsi) + K13and K14
are observed. The Kl and K11 signals are similar to those for silicon vacancies and carbon
vacancies found in electron-irradiated 3C-SiC(TI center)1), 6H-SiC(PAcenter)2) and 3C-SiC(T5
center)3), 6H-SiC(PBcenter)4) respectively. The K12center observed at the room temperature

appears at low dose irradiation. The K1(Vsi) + K13 center, which are overlapped each other,

observed at LNTappears remarkably at low dose. Moreover, the K14center observed at LNTis a
radiation-induced defect, which wasproduced in the early stage of the irradiation. Thesedefects

changewhenthe irradiation advances, and then these centers decrease. The K1(Vsi) becomes
predominant whenit is irradiated with electron(22MeV) fluence up to 3x 1018n/cm2, In this case,
the behavior of the K1, K2, K3, and K4centers is similar with that observed on the n-type SiC on
which wehave reported previouslly5). Finally, K11(Vc) center is not observed with the high dose
irradiation. Figure 2showsthe fluence-dependence of the K1(Vsi) and K11(Vc) centers. As
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shownin this figure, the carbon vacancies decrease though the silicon vacancies increase with the

irradiation. It is necessary to consider about the influence on the defect generation by electronic

excitation under the irradiation.

Isochronal annealing behavior of the K1(Vsi). K12. K11(Vc), K1(Vsi) + K13and K14signals

is shownin Fig.3. Analmost part of the K1(Vsi) center disappears at 700~C and the K11(Vc)
center at 300~C. Analmost part ofthe K12center disappears rapidly at about 400~C. After the

K1(Vsi) center disappeared, the K1(Vsi) + K13 center disappears at about 1,200~C following it

reached to its maximumat about 900~C. The K14 center disappears at about I,200~C after

reached to the maximumintensity at around 900~~.

Fromthese facts, these defect centers are thought to be due to compounddefects, which relate

with the silicon vacancy.
References 1) H.Itoh et al.,J.Appl.Phys.66,4529(1989).

2) A.Kawasusoet al.,Mater.Sci.Forum Vols.264-268,611(1998).

3) H.Itoh et al.,J.Electro.Mater.21,707(1992).

4) D.Chaet al.,Mater.Sci.Forum Vols.264-268,615 (1998).

5) S.Kanazawaet al.,Mater.Sci.Forum Vols.338-342,825(2000).
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Introduction: Silicon carbide (SiC) single crystal is expected as high powerelectronic devices

used under severe environrnent such as intense ionizing radiation field with high temperature.

However, the mechanismof radiation damagein electronic semiconductor devices, which can be

operated under intense ionizing radiation field, has not been understood yet. Therefore, it is

necessary to understand the characteristics of the radiation darnage and annealing properties of

the defects. In the present paper, wedescribe for electrical characteristics of n-type SiC irradiated

with reactor neutrons.

Experimental arrangement: The SiC single crystal used in this study were manufactured by

Nippon Steel Corporation. These SiC wafers were nitrogen-doped and the canier densities were
the order of I018/cm3and I019/cm3. Ohmiccontacts were madeon each n-type SiC wafer by

evaporating Ni dots followed by amealing at I,100~C for 30 minutes in Ar atmosphere.

The neutron irradiations were carried out using the low-temperature irradiation loop facility of

Kyoto University Reactor(KUR-LTL). The irradiation in the LTLwas carried out with the fast

neutron fluence of 6x I017n/cm at 50Kand 100K.Theneutron fluence was monitored by the

activation methodusing Ni foils.

Themeasurementsof resistivity and Hall effect on n-type SiC were calried out at RTby the Van
der Pauwmethod. Isochronal aunealing of the irradiated samples was performed in the

temperature range between373Kand 823Kfor 5minutes in Ar atmosphere.

Results and discussion: It is well knownthat the electrical resistivity increases with fast

neutron fluence. Though various factors are relative about how to increase the electrical

resistivity, an initial camier density of SiC would be favorable candidate.

Figure I showsthe changesof electrical properties after the neutron irradiation as a function of

the initial carrier density in n-type SiC. In this figure, the change rate of mobility becomeslarge

with increasing of the initial carrier density, while that of the electrical resistivity small. Onthe

other hand, the changerate ofthe carrier density is almost fixed.

Figure 2 shows the relation between the carrier density and mobility before and after the

irradiation of the neutron. Afier neutron irradiation, the carrier mobility increases with the carrier
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density, though the mobility has decrease according to increase the carrier density before the

neutron irradiation. This is thought as follows; the donor decreases by the irradiation and

consequently the ion scattering decreases
.

In any case, these results showthat it is necessary to

consider scattering with impurities.

The results of the isochronal annealing experiment are shownin Fig.3. The results indicated

that the resistivity and the mobility were annealed at two recovery stages (3 50K, 500K) and that

the carrier density did not change by the isochronal annealing up to 823K. The resistivity was

recovered about 400/0 due to 823K amealing, These results contradict fiom the following

experimental expectation; i.e. usually the carrier density recovers by a thermal annealing.

Fromthese facts, these experimental results can be coneluded to influence by the existence of a

large amountof donor.

This work has beencarried out in part under the Visiting Researcher's Programofthe Research

Reactor Institute, Kyoto University.
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Establishment of reproducible and reliable control of Si021SiC interface was
main issue for application of SiC to a powerMOSFET.The detailed discussions of the

SiO~SiC interface are expected to open a newapproach to makean applicable gate
insulator for an SiC power MOSFET.In this paper, Secondary ion massspectrometry
(SIMS) analyses wasundertaken to investigate the SiO~SiCinterface.

4H-SiC(OOO1)off-cut wafer 3.5' toward wasused as the substrate for
epitaxial growth of 4H-SiC(OOO1)films. N-type epitaxial film with nitrogen dopant

wasgrownusing the vertical hot-wall-type chemical vapor deposition (CVD)system.[1]
Thesurface of the epitaxial film wascleaned by the sacrificial oxidation procedure prior

to the formation of Si02 insulator film. Then the Si02 msulator film on the surface of
the cleaned epitaxial film was formed by thermal oxidation with or without
post-oxidation annealing(POA). Detailed SIMSanalyses were undertaken upon three
different samples of Si02 insulator layers formed by (a)3-hours wet oxidation at 1100~C,
(b)3-hours wet oxidation at 1100~C followed by 3-hours POAat 900~C and (c)

40-minutes wet oxidation at 1190~C. Depth profiles of carbon were measuredusing
SIMS. Carboncomposition wasnormalized as those in SiC fit to 100%in the following

SIMSanalyses. Backgroundof carbon in these SIMSmeasurementswasless than 0.5%.
The SiOdSiC interface transition region, where carbon composition increased from
16%to the main componentof SiC (84%), was observed as thin as 4.0 - 5.4 nmin

our SIMSmeasurementsinc]uding the apparatus limit of the depth resolution.

SIMSprofile of the sample (a) showsthe largest SiO~SiCinterface transition

thickness of 5.4 nm. The SiO~SiC interface of sample (a) includes carbon rich

transition layer whosecarbon concentration is 10%Iarger than the other two samples.
Uniform carbon concentration of 2%is observed although the Si02 film of sample(c).

While the carbon concentration at the Si02 surface of sample(b) is in background range,
the closer the carbon concentration in the Si02 film gets to the SiOdSiCinterface, the
larger it becomesup to 1%.

Oxidization forming Si02 film on SiC Ieaves residual carbon flux at the

SiO~SiC interface. The POAprocedure accelerates diffusion of the residual carbon
from the Si021SiC interface to the surface through the Si02 film. High temperature
oxidation can diffuse the residual carbon at the Si021SiC interface during oxidation
while a few %carbon concentration remains in the Si02 film.

Reference: [1]K. Takahashi, et. al., Mater. Sci. Forum, 338-342 (2000) 726.
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Abstract: Since pn junction is used in pn diode, edge termination in SBDSor channel

formation in FETs, the reduction of leakage current in pn junction is one of the key issue to

realize SiC devices. Wehave fabricated 4H-SiC pn diodes by Al + or B+ implantation into

n-type epitaxial layers. Theelectroluminesence(EL) is effective to obtain information of

transition between donors, acceptors and defects[1][2]. Wehave measuredEL spectra for

these pn diodes with high leakage currents and those with low leakage currents. Diodes with

low leakage current showedsteep increase with current injection in 390nmpeakcomparedto

that from donor acceptor pair (DAP) recombination, whereas the diode with high leakage

current showeda relatively slow increase in 390nmpeak. Wespeculate that recombination

through DAPor defects is the reason of high leakage current andsmall band-edgeELpeak.

Experi ments:
4H SiC wafers were used in this work. Lowdoped n-type epitaxial layers were

grown by hot wall LPCVD[3]• SiQ2 Iayer was formed by oxidation. Al + or B+ was
implanted to form p-type layer in rhtype epitaxial layer, f~ollowed by high temperature

activation annealing. Ni was sputterd for backside ohmic contact, followed by annealing.

Contact holes were opened in Si02 Iayer. Al and Ti layers were sputterd subsequently,

followed by annealing at 90CrC to obtain ohmic contact to p-type layer. Current-Voltage

characteristics were measuredby HP4142B.ELspectra were measuredat roomtemperature

by Multi ChannelPhoto Detector (MCPl)1000).

Fig. I showsELspectra of Al dopedpn diodes with (a) Iow leakage current and

those with (b) high leakage current. At lower voltages 480nmpeak was dominant, and by

increasing bias voltage a rapid increase in 390nmpeak wasobserved in ELspectra for A1

doped diodes. Diodes with low leakage current showedsteep increase in 390nmpeak,

whereas the diode with high leakage current showeda relatively slow increase in 390nm
peak.

ELspectra of Bdopedpn diodes with (a) Iow leakage current and those with (b)
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high leakagc current are shownin Fig. 2. Twopeaks around 530nmpeak and 780nmwere
observed for Bdoped diodes at low injection current. By increasing the current injection

390nmpeak appeared. Diodes with low leakage current showedsteep increase in 390nm
peak comparedto those with high leakage current, which showeda relatively slow increase

in 390nmpeakand and higher 780nmpeak than 530nmpeak.

Peakaround 400nmis attributed to free to bound transitions[2]. The peak around

480nmis assigned to DAPrecombination involving the nitogen donor and a deep acceptor

level[3]• The peak around 500nmis attributed to DAPfrom the nitrogen donor and the

deeper boron acceptorL3]• And peak at 514nm is attributed to optical transitions of

conduction electrons to neutral deepBacceptor.[2] Wespeculate that the red peak correlates

with the origin of high leakage current.
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Ion implantation for doping of SiC has attracted increasing att_ ention and it is knownthat annealing

is necessary both to removethe implantation damageand to electrically activate the dopants [1].

Ion-implantation as a methodfor nanostructure fabrication within SiC [2] has the advantage over

other methodsthat nanocrystals can be created in a well-defmed matrix. In the latter case the dose

has to be about three orders of magnitude higher (about I017cm~2)and therefore the process is

accompaniedby excessive matrix damage[3]• The control of defect-enhanced diffusion during

annealing is thought to be the key both to an understanding of distinct doping related defect levels

in SiC and to a successful implantation-based nanostructure technology.

6Hand4H-SiC(OOOl)wasimplanted with 400keVEr ions to adose of lxl017cm~2 at 700'C,

followed by rapid thermal annealing at 1600'C for 3min under Ar atmosphere. Cross-sectional

samples before and after annealing were prepared for transmission electron microscopy (TEM)

using mechanical polishing, dimpling and low-angle Ar-ion milling and in one case just by tripod

polishing. Conventional and high-resolution (HR) TEMwas carried out in a JEOL3010 and

atomic-resolution high-angle annular dark-field scanning TEM(ADF-STEM)in a FEG-JEOL2010

equipped with electron energy loss spectrometer (EELS).

TEMand EDX-analysis on as-implanted specimen showthat the most strained SiC region

contains the region of Er content shows that Er is not clustered there but statistically distributed

within the SiC matrix. Prevailing defects are interstitial loops in basal planes. After annealing, it

was revealed by atomic-resolution ADF-STEMthat single Er atoms collect and that there are at

least 3-5 single Er atoms in one column. Together with strain analysis on HRTEMimages it can be

followed that the foreign atoms place preferably in the core of lower strain of SiC matrix defects.

Fig, I showsone typical defect in atomic resolution Z-contrast and in high-resolution contrast. The

chemical nature ofthe atomsconfirmed EELSby scanning along a single Er atomcolumn (see Fig.

l). Typical locations of Er atom columns will be described and their connection to ErSi2

nanocrystal creation will be discussed. Moreoverwider conclusions will be madeto the case of Ge

ion implantation.
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Fig. I Atomic-resolution ADF-STEMimage showing Er atom columns at the ends of interstitial

loops on the left and a corresponding defect imagedin HRTEM.
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Fig. 2A typical SiC matrix defect decorated by Er-atom colurnns together with the EELSspectrum
of the Er Medgeobtained from the single Er atomcolumn, the arrow is pointing to.

References
Ll] R. P. Devaty, W. J. Choyke, Phys. Stat. Sol. (a) 162 (1997) 5
[2] U. Kaiser, J. Electron Microscopy 50 (2001)
[3] O. I. Lebedev, G. Van Tendeloo, A. A. Suvorova, I. O. Usov, A. V Suvorov) J Electron
Microscopy 46: (1997) 271

-612-



Technica/ Digest oflnt 'l Conf on SiCandRelated Materials -ICSCRM200]-,Tsukuba, Japan, 2001 ThP-27

Direct Observation Qf the Solid PhaseRecrystallization of Self-

Implanted AmorphousSiC Layer on (112~O), (11~OO), and (OOO1)

Oriented 6H-SiC
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1.
Introduction

The ion implantation methodis used for selective doping in SiC device formation. In order to

rernove defects induced by ion implantation into the (OOO1)Oriented 6H-SiC
,

that is carried out

at the substrate temperature over 500 'C, additional addition annealing is necessary at the high

temperature above 1500 'C.1 Satoh showedthat the solid phasegrowth process is dependenton
the crystal orientation.2 It is clear that inforrnation of this type is essentiai to an understanding

of the mechanismin which ion-inplantation induced defects disappear. Thepresent paper dis-

cusses the substrate orientation dependenceon the kinetics of furnace-annealing induced solid

phase recrystallization (SPR) of self-implanted amorphouslayers on SiC substrate. Wereport

on the use of an in situ time resolved optical reflectivity (TROR)measurementto monitor the

position and roughness of the amorphous-crystal interface in real time.

2. Experimental
Samplesof n-type (ND- NAC~: 1017/cm,3) (11~0), (1TOO), and (OOO1)oriented 6H-SiCwere
ion implanted with Si (40 keV 1.5 x 1015/cm2+ 80keV2x 1015/cm2+ 110keV5x 1015/cm'2)

and C(20 keV 1.5 xl015/cm'2 + 40 keV2 xl015/cm2 + 60 keV4 xl015/cm'2) to create an
self-implanted amorphouslayer (- 150 nm)on the wafer surface. Figure I shows the Si and

Cde.pth profiles calculated by TRIMprograrn. Furnace induced SPRwas accomplished on
the resistively heated stage at 700 'C in air environment. The recrystailization kinetics was
observed by the TRORtechnique.3 TheTRORsignals provides a continuous, and sensitive

measurementof a position and roughness of amorphous-crysta] interface during SPR.AHe-Ne
laser (A = 633 nm) is uSedfor the probe light.

3. Results andDiscussion
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Fig. 1. Calculated profiles using TRIMof Si (*) and C([]).
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In the TRORtechnique, oscillations of the refiectivity signal, due to interfering optical re-
flections from the surface and from the moving interface betweenthe surface amorphouslayer

and the recrystallized SiC, are observed. Figure 2showsacalculated refiectivity of amorphous
SiC as a function of amorphousthickness on crystal SiC. Amorphousand crystalline SiC in-

dices used in the calculation are 4- 0.612i and 2.63 - 1.2 x 10-5i, respectivery.4 Acomplex
reflective index of amorphousSiC wasestimated by the comparison with the reflectivity of the
silicon.

Figure 3gives the shapeof the TRORsignals in eachcase for ail orientations (1120), (1100),

and (OOO1). In the (11~0) orientation,'the TRORsignai is closed to the calculated curve in

comparison with Fig. 2. Bycomparison of the TRORsignal and the calculated curve, the in-

terference maximaand minimaare assined at the depth of interface. The recrystallization rate
estimated to be about 3.9 nm/minnear initial amorphous-crystal interface. Whenthe growth
interface reached near the sruface, TRORsignal showsattenuation of the last refiectivity oscil-

lation. It is shownthat the roughnessof the growth interface increases with the recrystallization

from amorphousphaseto crystal phase. Comparingthe (1100) orientation growth with the case
of (11~0), the recrystallization rate is late, and it estimated to be about 2nm/min. In addition

to this property, the oscillation of the refiectivity observed around the surface has collapsed. It

seemsthat whether the SPRstopped near surface layer or roughness of the regrowth interface

increasea severely. In the case of the (OOOI)orientation, the TRORoscillation nearly disappears,

which showsa very rough regrowth interface induced by furnace annealing. Weobserbed di-

rectly that the recrystallization interface wasgreatly roughendduring annealing process of ion-

implantation induced amorphouslayer in the (OOOI)orientation SiC.
In conclusion, wehave succeeded the observation of the recrystallization process of SiC

amorphouslayer using the in situ TRORtechnique, that strongly dependson the crystall growth
orientation

.
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The introduction of ultra-high-vacuum (UHV)technology in emission microscopy had

made photoemission electron microscopy (PEEM) a high-resolution surface-sensitive

technique for the study of surface structures. The image in the PEEMsystem is based on the

lateral photoemission intensity distribution from a solid sample surface. The contrast

mechanismsof PEEMsuch as topographical, elemental, chemical, magnetic, and orientation

contrasts allowed a real-time view on surface reactions such as islanding and agglomeration

of metals as well as their dynamics. In this study, wehave conducted a real-time imaging on

the annealed surfaces of transition metal films on Si and SiC surfaces and have studied the

morphological variations after in-situ annealing.

Thin metal films (Inm, 2nm,4nm, 10 nm, and 50 nm)of Ti, Ni, andPdwere deposited

either on Si or SiC and annealed inside the PEEMchamberat -10~9 Torr by filament heating

and electron bombardment.The imageswere taken after sequential annealing from RTto over

900 "C.

ThePEEMsystem uses either high-pressure Hgarc lamp or synchrotron radiation for

photoelectron emission and is attached to beamline BL-5 of Hiroshima Synchrotron Radiation

Facility (HiSor), Hiroshima, Japan. The resolution of the system is about 15 nmand the field

of view (FoV) can be varied from 2umto 150 um.
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Wehave imagedthe formations of metals-nanostructures on Si and SiC surfaces, initial

surface reactions as well as formations of islands (in ring-clusters) with sizes in order of

microns. Also we have observed variations of brightness at elevated temperatures and

contrast-reversal on somefilms that were due to deoxidation of the surface films and/or

formation of reacted products such metal silicides and carbides/graphite. Figure I shows

PEEMimages of Ti on Si(100) surface at RTand after annealing at 700"C which is the

formation temperature of Ti silicides. AndFigure 2showsNi surface on 3C-SiC at (a) 200"

and (b) 240"C.

(a) (b)

Figure I . PEEMimagesof Ti (40nm)/Si(100) taken at (a) RTand (b) after 700"C.

(a) (b)

Figure 2. PEEMimagesof Ni (4nm)/3C-SiC taken at (a) 200 "C and (b) 240"C.
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HOLEESCAPEFROMGal-*In*~GaNQUANTUMWELLSANDInAs/GaAsQUANTUM
DOTS.

V.A. Vo~rtenko

Technical State University, 195251, St. Petersburg, Russia.

It is shownclearly the anomalousphotoexcitation of carriers in the Gal-.In.N with

x 15 quantumwells (QW's) and in InAs quantumdots (QD'S) and their unusual photoin-

jection to respectively GaNand GaAsbarriers via strong Coulombinteraction results in crea-
tion of the nonequilibrium two-componentelectron-hole plasma in the appropriate GaNor
GaAslayers. This plasma seriously affects the performance of various 111-nitrides based de-

vices since it expands through the whole specimenmarking the deepest place by light emis-
sion.

Oneof the most important and rich phenomenaexhibited advances in solid state

physics of nanometer-sized semiconductor layers embeddedby QD's, or QW's in which
electrons are confined in one or in all three directions of space, is the role of physical mecha-
nisms determining the efficiency of optical transitions and carrier dynamics. Electron (e) and
hole (h) wave functions and their overlapping in such heterostuctures across well barriers

control the dynamic strength of carrier fluctuations as well as e-h and polar optical interac-

tions and determine the transport and optoelectronic properties. A Iarge spectral misfit exist-

ing between photoluminescence (PL) maximumand PL excitation (PLE) edge in Gal-

*In*NGaNQW'sis usually associated with punctuated island growth modeapplied i'or these

heterostructures. A Iocalization of photoexcited carriers into the deepest QD-like potential

fluctuation is responsible for light emission. The problem is howdo carriers find their way
and penetrate inside such a unique potential fluctuation. Related physical items are clarified

already during recent developmentof InAs/GaAsbasedQDsystems.

Wehave investigated slabs embeddedwith QD's consisting of 10 periods of 1.8

MLSInAs and 5.1 nmGaAsand also sets of Gal-*In*NGaN multiple QWstructures. The
effective diameter (base size) of InAs QD's was=12 nmand the distance bctween neighbor
dots was 25 nm. Five 3nmthick Gal-*In*N QW'swere embeddedin 9nmGaNbarriers.

Double difference in heterostructure constants is effectively compensatedby respective ratio

of base material dielectric constants: 8G*NA;G~*=2. Oneof the most important points of this

work is that we observed unconventional quasi- and inelastic electronic light scattering

spectra in an intrinsic GaAsnanometer-sized layers embeddedby QD's using a selective

resonant excitation above the InAs band gap but below the GaAsband gap and respective

absorption of GaN-basedheterostructure. Giant enhancement(by a factor of l06) of optical

transitions efficiency in such mesoscopic systems is registered. Despite muchlarger band
offsets and relaxation of selection rules in Gal-^In*NGaN QW'sas compared with the

previous heterostructure respective enhancementis only accessible for a small numberof
interband transitions. The experimental observation of the enhanced in oscillator strength
interband transitions results in the creation of unexpected for the case of intrinsic

heterostructures the two-component nonequilibrium electron-hole plasma. Weexcite this

novel plasma by photocreation of electrons and holes as Wentzel et. al.[u do with the same
(1064 nmline of Nd+3:YAGIaser, or Xe-white lamp with 0.25 mmonochromator)source
used for the detection of scattering or luminescence spectra. For the excitation density

employed the electron-hole occupation numberof the QD's itself should bc approximately
equal or less than I and the respective quantity for QW's is even more questionable.
Therefore, an experimental observation of unexpected collective excitations of electron-hole
pairs in QD'ssystem unambiguouslydemonstrate that the two-componentplasma is initially
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induced by the two populations of free carriers separated in the real space. Suchmodesreveal

the strong Coulombelectron-hole interaction. Electrons and holes are photoexcited in the

QD's or QW's, but they are captured (trapped) or released due to overlapping of hole wave-
functions betweenneighbor QD's or QW's. Suchprocesses can lead to a fluctuating charge
distribution (configuration) outside the QD's or QW's. Thus, present experiments break the

newsabout the most important phenomenaleading to a fluctuating charge distribution outside

the QD's or QW'sand formation of free electrons and holes in the CaAsor GaNIayers with
efficient direct electromagnetic cdupling between the carriers. The piezoelectricity in such
strained and polarized low symmetryheterostructures causes the unexpected enhancementof
the coupling strength as comparedto the bulk case. Therefore the transport is determined by
the properties of those carriers that are injected from the QD's or QW'sinto the undoped
GaAsor GaNbarriers. Summingup the intra-subband including quadrupole momentum
scattering lineshape and zero temperature approximation acoustic plasmon (AP) peak with
inter-subband contribution of scattering intensity, Ieads to the line shape presented in figure

by dashed line. Measuredlight scattering spectra obtained for polarized configuration from
InAs/GaAs QD's structure at a lattice temperature Tl = 5.1 K [2] is plotted by solid line.

Calculated spectrum describes well both APpeak position around 25 cm~1 and quasielastic

tail and fits well inter-sub-band maximumaround 250-270 cm~1. Successful comparison be-

tween experimental and theoretical scattering spectra provides an evidence of plasma homo-
geneity.
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Thoughrelative scaling of APintensity to inter-sub-band continuum is evidently overesti-

matedas comparedwith the experimental result preference for APformation is muchmore
effective than for the ordinary high-frequency optical plasmons in this nonequilibrium two-
componentuniform e-h plasma. There is a goodchance to proceed with present Ramanin-

vestigation for Gal-xlnxNGaNmultiple QWstructures using polyphenil dye laser provided
respective photodetector will bc available.

This work is supported by Russian Foundation for Basic Research(Grant NoO1-02-17895).
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Abstract. In this paper, the electrical measured using the HP4284ALCRmeter
characteristics of the thermal oxide grown and the HP4156Aparameter analyzer.

on SiC were discussed. For these studies, the 111. Conclusions

MOScapacitors with the size of about An abnormal histeresis property was
31,400 pm2were fabricated on a 6H-SiC observed from the high frequency C-V
wafer which had a 5 /1 mthick n-type epi- characteristics of the MOScapacitor with
layer with a doping concentration of 3 x the thermal oxide grown on the SiC
1015cm~3.Anabout 35 nmthick oxide layer substrate as its dielectric layer. This was
was thermally grown in wet 02 at 1150 oc believed to be due to the movementof the
for the dielectric layer. electrons trapped in the deep level traps

The high frequency C-V measurement inside the oxide layer. The electrons might
results of the MOScapacitors showed an moveback and forth from the trap sites near
abnormal hysterisis property, which was the bottom side of the gate oxide to those
believed to be due to the movementof the near the top side depending on the polarity
electrons trapped inside the oxide layer. In of the gate bias voltage mainly during the
addition, it was found that the oxide had holding time amongthe measurementsteps.
quite a large low-level leakage causedby the On the other hand, quite a large low-
trap-assisted tunneling and most of the traps level leakage was observed when the gate

were located in the region near the bottom of bias voltage was positive, while it was not
the gate oxide. when the gate bias voltage was negative.

I .
Experiments The large low-level leakage with the
The MOScapacitors with the size of positive voltage gate bias wasbelieved to be

about 31,400 /1 m2 were fabricated on a caused by the trap-assisted FN tunneling,
6H-SiC wafer which had a 5 pmthick n- where most of the traps were located in the
type epi-layer with a doping concentration region near the bottom of the oxide layer.

of 3x 1015cm~3.Anabout 35 nmthick oxide
layer was thermally grown in wet 02 at Acknowledgments
1150 oc for the dielectric layer. In addition. This work was supported by grant No.
a 200 nmthick Al layer were deposited on 2000-2-30200-010-3 from the Basic
the wafer and patterned by wet etching to Research Program of the Korea Science &
form the gate electrode, and a IOOnmthick Engineering Foundation.
Ni layer were deposited on the backside of This work wasalso done as a part of SiC
the wafer to form the ohmic contact on the Device Development Program (SiCDDP)
substrate. Then the high frequency C-V supported by MOCIE(Ministry of Commerce,
characteristics and the leakage current were Industry andEnergy). Korea.
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Recently, considerable progress in fabricating high powerdevices using SiC has beenreached. It

is well knownthat the basis of a bipolar device is a pn junction. In order to reach the excellent

electrical characteristics of the bipolar devices it is neeessary td improve quality of the pn
junctions. The objective of the research is to study the electrical characteristics of pn diode

grownby LPEmethod.
4H-SiC p+pnon structures were grown by LPE method. First, a n+-1ayer was grown on
commercial 2-inch (OOOl)Si 80_off 4H-SiC wafers. The n+_layer serves as the layer for closing

micropipe defects that usually exist on commercial substrates. The thickness of n+_layer was 10
micron. Nd-N. uncompensated impurity concentration in this layer was determined tb be

3x 10 cm318 ~ Anundopedn0-1ayer wasdeposited on the n+_layer. The thickness of no-layer was
found to be (10- 15) um. Nd-N* uncompensatedimpurity concentration in this layer was
determined to be (9xl015 ~ 3xl016) cm~3for different samples. Al dopedand Al heavily doped
epitaxial layers were grown on no-layer in that order. The thickness of A1 doped layers was
(2.0~2.5) and (1 .0~1

.

5) micron for p-layer and p+-1ayer, respectively. N*-Nd concentration in the

p-1ayer was found to be (3~6)x I018 cm~3. The NAj concentration in the p+-layer wasdetermined
using SIMStechnique to be in order of Ix

l020 cm~3.

To study the electrical characteristics of the 4H-SiC pn structures mesa-diode with ohmic
contacts were formed. Cr/AI wasused as backside ohmic contact to n-type substrate, and Al as
ohmic contact to top LPEp+-layer. Al and Cr metallization was deposited by therma] vapor
evaporation. The top Al metallization waspatterned by conventional photolithography to form
dots with diameter of 150-1500 um. Mesa-diodes were fabricated by reactive ion etching in

SF6/02gas mixture.

Theposition of the pn junction in the epitaxial p+pnon+structure wasdetermined using electron

beaminduced current (EBIC) measurements.Adiffusion length of minority carriers in the no-
layer (holes) wasestimated by EBICto be I .5-3 microns for different samples.

TheC-Vcharacteristics of the pn junction were measuredat different frequencies of IOkHZand

l M}iz. The C-V characteristic of the pn junction was liner whenplotted in C2-Vcoordinates,

which is typical for an abrupt junction. The cut-off voltage of the C-V characteristics was
2.97~0.02 V. The value of built-in potential was calculated to be -3.0 eV, which is close to

theoretical value of the built-in potential for a 4H-SiC pn structure doped with nitrogen and
aluminum.
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Lowcurrent forward - bias testing wasperformed in the temperature range from 300 to 700 K
(Fig. 1). The forward I-V characteristics contain an exponential region: If = Isxexp(V/Vo), where
If is forward current. Is is the saturation current. Thevalue Vo was found to be independent on
temperature and was determined to be about O.1 V. The Is showedexponential behaviour
depending on temperature (Fig.2): Is = IsoXexp(T/To), where Iso is saturation current independent
on temperature. Thevalue of To Wasdetermined to be 38.4 K. Thebasic property of the forward
I-V characteristics is the fact that the slope of the exponential curve log(1) vs Vdoesn't change
as a function of temperature (Fig. l). To explain such experimental results, wesuppose that the
electronic transport in the investigated pn junction is limited by the tunneling rate of electrons
from the conduction band of n-type material into the deep traps with subsequent recombination
with holes through the deep traps. Wepropose that there is defect layer betweenno- and p-layers
The deep traps are proposed to be located in the defect layer. Thu~,- the according experimental
data the forward I-V characteristics for current range from 10~lo to 10~3 A in the temperature
range from 300 to 700Kmaybe described by tunneling modelof carrier transport.
Thereverse I-V characteristics showedan abrupt breakdownat voltages around 150 - 500 V for
different samples. Breakdownvoltage, Vb, was determined as the voltage at which an abrupt
change in the reverse current occurred. It was evaluated that the breakdownelectrical field for
the pn junction was-( I .3~ I .

8)x I06 V/cm.
The investigation of electrical characteristics of pn diode grown by LPE method will be
presented in detail_
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Wehave studied the effect of a wet-chemical cleaning procedure on SiC(OOO1)surfaces by

photo electron spectroscopy (PES) using synchrotron radiation, and low-energy electron

diffraction (LEED). This procedure is normally applied prior to the hydrogenation of SiC. [1-

3] The four-step procedure [4] consists of step A: 10 minutes in a 4:1 mixture of H2S04
(970/0) and H202(300/0) at 180'C; step B: 10 minutes in HF(400/0) at roomtemperature; step

C: 10 minutes in a 4:1:1 mixture of H20, H202(30010), and HCI (370/0) at 80'C; step D: 5
minutes in HF(50/0) at roomtemperature. Eachstep is followed by rinsing in deionized water.

Photoelectron spectroscopy reveals that the wet-chemically prepared surfaces contain

considerable amountsof oxygen. Theamountof oxygenwasfound to be highest after step A
of the wet-chemical procedure. The hydrogenation process allows the oxygen content to be

pushedbelow the detection limit as wasshownpreviously. [I-3]

In figure I ,
Si2p core level spectra are shownwhich

were taken afier each wet-chemical preparation step

and afier hydrogenation. Whereasthe spectrum taken
et. A from the hydrogenated surface showsone single line

'~ due to stoichiometric SiC, [1-3] the wet-chemically>~ st~ B

~ treated surfaces contain Si in higher oxidation states,

This is evident from the shape of the Si2p signals

5 4 3 2 1 o -1 -2 -3
Whichextend to higher binding energies.

"I bi'di~g '"er9y ('v) The corresponding CIs spectra (not shown here)

Fig. I : Si2p spectra taken after the revealed two components, one ofwhich is due to the

subsequent preparation steps at 170 eV SiC, and the other one is originating in weakly
photon energy. adsorbed hydrocarbons which are absent in in-situ

experiments. [1-3]
preparation Si' / siC Si ' / SiC Fig. 2(a) displays a deconvolution of the Si2p spectrum

taken after step A (topmost spectrum in frg. 1) into0.501.30ste A
three Voigt doublets. The fit reveals that considerable0.131.52ste B
amountsof Si+ and Si4+

are present at the surface. This0.201.33ste C
o.07l .45ste D is evident from the additional componentswhich are

Table 1: Rclative (to bulk SiC) shified with respect to the bulk line by 0.5 eVand 2.0
contributions of the Si' and Si4'

eV, respectively. The intensity ratios determined for all

components to the Si2p spectra four wet-chemical preparation steps are compiled in
measuredat 170eVphoton energy. table I .

As can be seen from the table the relative

intensity ofthe Si componentis almost constant. Onthe other hand, the Si4+ componentis

highest after step Aof the wet-chemical cleaning procedure. As expected, it is smallest afier

the HFetches (steps Band D) and has an intermediate value after step Cwhich is also an

* corresponding author. Phone+49-9131-85-27088; Fax. -27889;
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spectrum obtained from (a) the SiC(OOOI)
surface after preparation step Aand (b) of
a SiC(OOO1)surface with silicate adlayer.

Fig. 3: LEEDpattern taken at 70eVfrom
a SiC(OOO1) surface after a modified
prepara-tion step A.

time that the silicate adlayer reconstruction wasobserved after a wet-chemical treatment
results will also be discussed in the light of recent oxidation studies on SiC(OOO1)[8,9].

References:

oxidizing step.

Wet-chemically treated surfaces were previously
shownto be terminated by OHgroups. [5] Thus, the
Si+ signal observed afier steps B, C and D can be
assigned to Si-OHunits. The fact that the Si+1SiC ratio
is constant points towards a monolayer coverage with

OHas wasalso suggested by Starke et al. [5]

The Si signal after step Ahas at least partially to be
assigned to a different bonding arrangement. The
fingerprint of the spectrum is very similar to the one
observed on a silicate adlayer-terminated SiC(OOO1)
surface with (~3x~3)-R30' periodicity. [6] This silicate

adlayer reconstruction is an oxygen rich termination of
both, SiC(OOO1) and Si(OOOI ) surfaces and its

structure was studied by Berohardt et al. [7] using
LEED. Figure 2(b) shows the deconvoluted Si2p
spectrum of such a surface, which was prepared in a
hydrogen plasma. Onthis surface, the Si+/SiC ratio is

1.21. The Si4+/SiC ratio, however, is 1.39 and thus
three times larger than on the wet-chemically prepared
surface, indicating that on the latter surface about one
third of the surface is covered with the silicate adlayer
reconstruction.

Indeed, despite the fact that only about one third of the
surface wascovered with the silicate adlayer, a weak
(~3x~3)-R30' LEEDpattem was observed on that

surface. Thequality of the LEEDpattern, and thus the
degree of surface order, dependson the conditions of
the preparation, e.g. the etch time, temperature and the

composition of the Piranha solution. A clear (~3x~3)-

R30' LEEDpattern (figure 3) was observed afier a
modified preparation Step A (10 minutes, H2S04

.

H202= 3: 1, 200'C). To our knowledge this is the first

The

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

N. Sieber, B.F. Mantel, Th. Seyller, J. Ristein, L. Ley, T. Heller, D.R. Batchelor, and D. SchmeiBer, Appl.
Phys. Lett. 78 (2001) 1216.
N. Sieber, Th. Seyller, B.F. Mantel, J. Ristein, and L. Ley, Mater. Sci. Forum353-356 (2001) 223.
N. Sieber, B.F. Mantel, Th. Seyller, J. Ristein, and L. Ley, DiamondRelat. Mater. 10 (2001) 1291.
W.Kern, Handbookofsemiconductor wafer cleaning technology (Noyes Publications, Park Ridge, 1993).
U. Starke, Ch. Bram. P.-R. Steiner, W.Hartner, L. Hammer,K. Heinz, and K. Milller, Appl. Surf. Sci. 89
(1995) 175.

N. Sieber, M. Hollering, J. Ristein, andL. Ley, Mater. Sci. Forum338-342 (2000) 391
.

J. Bemhardt, J. Schardt, U. Starke, and K. Heinz, Appl. Phys. Lett. 74 (1999) 1084.
F. Amy,H. Enriquez, P. Sonkiassian, P.-F- Storino, Y.J. Chabal, A.J. Mayne,G. Dujardin, Y.K. Hwo,and
C. Brylinski, Phys. Rev. Lett. 86 (2001) 4342.
C. Virojanadara and L.1. Johansson, Surface Science 472 (2001)L145.

- 624-



Technica/ Digest oflnt'l Conf on SiC andRelated Materials -ICSCRM200l-, Tsukuba, Japan, 2001 ThP-33

Someof comparative properties of diffusion welded contacts to

6H- and 4H-silicon carbide

O. Korolkov, TRan

Department of Electronics. TTU. Ehitajate tee 5. i9086 Talllnn Estonla
Phone + 372 - 6 202 Is4! Fax= + 372 - 6 202 i51;

E-mau.• trang@edu,ttu.ee

In the paper submited at the last ECSCRM'2000conference wehad reported about our
initial results in forming thick and large area aluminium contacts to 6H- and 4H-SiC
using diffusion welding (DW)technique [l].

The favourable points of the work determining the practical clearness for the further

R&D,in our opinion, are the follows:

- the possibility to perform by DWreliable, homogeneouslarge area thick Al contacts

both to 6H- and4H- silicon carbide;

- the possibility to makethe Al / SiC Schottky contacts with evident non-linear I-V
characteristics.

All the above gives every reason to continue the work in diffusion welded cotacts to

silicon carbide since there are the prospect to form in comparatively simple way the

Schottky contacts able for commutation of heavy currents and on the other hand such

metallization technique can be propagated on the other types of SiC p-n structures for

powersemiconductor devices.

Then-type wafers used in our early experiments were from Cree Research, Inc.: 6H-SiC
substrates of 3.6xl018 cm~3do ing concentration without epilayer, and 4H-SiC(1) withP7

5 um. thick epilayer of 2xlO cm~3doping concentration. In both cases the doping
concentrations were too high for operating Schottky diode, so for the next series of

experiments the epiwafer of 4H-SiC(II) waspurchased from Sterling Semiconductor,Inc.

The nitrogen dopant in 6.75 um, epilayer was4.75xl015 cm~3net concentration and the

surface treatment wasas Si-face polished and C-face ground.

The expert examination was madefor the wafer to reveal the structural defects, their

densities and distribution upon the surface area. Hence
,

it wasdetermined the sections of

the wafer surface most favourable for Mecontacts. Themacro- and microprofiles of Si-

and C- faces of the wafer wasmeasuredto estimate the conformity of wafer configuration

for DWprocess.
The I-V characteristics for Al / SiC Schottky contacts were measured in temperature

range 200~ 6000C.

On the special prepared specimens the specific series contact on-state resistance (Rsp)

wascarried out for 6H-SiCsubstrate and for 4H-SiC(II) epiwafer. Rspwasdetermined by
surface potential distribution measurementnear by the spot of metal contact (S.C.

extrapolation method[2]).

It is clear from the Fig. I that the Schottky contact formed in relatively free of defects

area of the 4H-SiC(II) wafer with low dopant concentration (4.75xl015 cm~3)has 20 times

as large the revelr7se v?Itage than that in defected 4H-SiC(1) wafer with donor
concentration 2xlO cm~

.
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I-V characteristics for 6H-and Fig.2. Variation of specific series

4H-SiCstructures at roomtemperature. on-resistance vs.measurementcurrent.

Non-linearity of I-V characteristics becomesmoreevident not only in revers branch but
in forward branch too. For IF = 3A - UF= 3.45V for 4H-SiC(1) and UF= I.86V for 4H-
SiC(ll).

Increase in non-linearity is to be in confiunation with the results of series contact
resistance measurement.Fig.2 showsthe variation of the series on-state contact resistance
for 6H-SiC substrate and for 4H-SiC(II) epiwafer. It is clear that the contact on-resistance
for 4H-SiC(II) is morethan order lower than that of 6H-SiC substrate, indicating moreor
less constant on-resistance with increase in measurementcurrent (at least in a current
range of I to 3A).

By this time experience in using of DWtechnique applied to metal contacts for
semiconductors it is possible to predict with confidence that the manufactoring of power
semiconductor devices basedon silicon carbide will be determined not so muchas by the
possibilities of DWtechnique, but by the imperfections in SiC wafers. Thus, the
dimentions of metal contacts and therefor the powerdissipation at high on-current as well
as reverse leakage will dependon the dimentions of relatively free of defects area of
silicon carbide wafers.

6H-SiC

,25
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Silicon carbide is a semiconductor material in which a unique combination of wide
bandgap, high saturation electron velocity, high breakdownfield, Iow dopant diffusivity

and high thermal conductivity is observed. Theseproperties and a recent progress in the

device processing determine SiC as the most appropriate material for high power
microelectronics.
Despite the successful solution of many technology problems in the SiC device
fabrication, the reliability of the ohmic contacts remains as a factor that restrict the high

power device applications. The combination of good electrical and physical
characteristics with stability at high operating temperatures is the principal requirement to
the ohmic contacts and aprerequisite for the reliability of the powerSiC devices.

Twokinds of p-type ohmic contacts to SiC, namely Al-based and Pd-based, have been
studied in respect to their application in the high powerp-n diode. TheAl-based contacts,

which have been the subject of our investigation, are the widely used Ti/AI contacts
together with the Al/Si and AISiTi ones. Pd is a very promising metal for low resistivity

p-type ohmic contacts to SiC. For that reason, Pd-basedcontacts such as Pd, Pd/Ti, Pd/Al
and newPd/Si and Pd/Ti/Pd ones have been studied concerning their thermal properties

as an alternative of the Al-based contacts for high temperature and high power
applications.

The contacts investigated were formed on p-type 4H-SiC Iayers grown b~ liquid phas2eo

epitaxy (LPE) with a thickness of 0.5 umand a doping concentration of 3xlO cm~3
- IxlO

cm~3.TheLPEIayer wasgrownon a commercially available structure having a top p-type
(lxl019 cm~3) I umthick CVDepitaxial layer grown on n-type substrates. The contact
deposition wasperformed by a subsequently electron beamevaporation of the metals in

vacuumof lxl0~6 torr or by sputtering in argon at pressure of 3xl0~3 torr. The annealing

wascarried out in a resistance furnace in an argon atmosphereat temperatures necessary
to obtain the lowest resistivity of each contact type. A contact resistivity in the range of

10~5 ~.cm2 has been obtained for both Al-based and Pd-based contacts. Therefore, the
reliability of the contacts at high temperature treatments is considered as the critical factor

determining their powerdevice applications.

The reliability of the contacts has been examined by investigation of their thermal
stability. The latter has been estimated by the contact resistivity behaviour during the

ageing test, temperature-dependence test and temperature-current treatment test.

Ageing of the contacts for a long time has been carried out at a constant temperature
ranging from 500 oC to 700 oC in an inert atmosphere (N2) and in air. In fixed time
intervals the contacts are cooled to the room temperature and the contact resistivity has
beendetermined. Thecontact resistivity has beenmeasuredalways at roomtemperature.
In the temperature-dependence test the measurements have been proceeded at a
temperature increasing smoothly from 25 oC to 450 oC in air. This study gives
information on the contact reliability at the corresponding operating temperature as the

contact resistivity has beenmeasuredduring the heating.
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Durin~ the temperature-current treatment a current with a pre-set density (up to I04

A/cm) is passed for a fixed time through the contacts at a constant temperature (up to
500 oC). This test has been also performed in air and contact resistivity has been
measuredat the corresponding temperature.
The experiments on ageing of the contacts developed started with heating at 500 oC in
nitrogen for 100 hours. Al-based contacts as well as the Pd-basedones did not changethe
contact resistivity during this treatment indicating a good thermal stability (fig.1). The
both contact types were also stable at operating temperatures up to 450 oC in air (fig.2).

The preliminary results showthat Al-based and Pd-based contacts can be used in power
diodes. For that reason, the following experiments on the ageing test in air and the
temperature-current test will be ultimate for the suitable contact system determination.
The results obtained on the reliability of the ohmic contact to p-type LPE4H-SiCwill be
summarizedand discussed in respect to their application in ahigh powerp-n diode.
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Formation of ohmic contacts to p-type SiC semiconductor is knownto be difficult,

since it has a large Schottky height. Limited work has been reported about the ohrnic

contacts to p-type 4H-SiC, in which aluminum based metals have been used. The

aluminum-basedmetals have drawbacksof low melting point and high driving force of

oxidation in the full procedure of device fabrications. Titanium has a relatively high

melting point, thus Ti-based metal contacts were attempted in this study.

Material and electrical properties of Ti ohmic contacts on p-type 4H-SiC were
investigated depending on the post-annealing and the metal covering conditions. Best

results are obtained as
2xl0~4 ohm/cm2for a Pt/Si/Ti metal structure after a vacuum

annealing at 900 Cfor 90 sec. The contact resistance wasmeasuredby a transmission

line technique, and the contact resistances were improved more than one order

comparedto Ti and Si/Ti contacts for the annealed samples at the sameconditions.

Auger depth profile data showsthat the Pt layer effectively reduce the oxidation of Ti

films, and X-ray diffraction pattern presents that the silicon layer plays a role of

diffusion barrier to the intermixing of Ti and Pt atoms, which wasconsidered as a major

cause for the large contact resistance.
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4H-SiC is of great attractive for high power control and high frequency devices in

polymophismSiC because of high electron mobility and wide band gap. In this study, we
investigated the structural and the electrical properties of NiSi2 ohmic contact to n-type

4H-SiC. Wehave been reported NiSi2 Ohmiccontact to n-type 6H-SiC, which is synthesized

by annealing the deposited Ni and Si films at 900 'C without the reaction betweenNi and SiC

substrate and reveals the ohmic characteristic for the carrier concentration above I x 1016

cm~3[IJ.

Samplesused in this study were a 0.2-um-thick, N-doped epitaxial layer, with a
carrier concentration of 2x 1018 cm~3, grown on p-type 4H-SiC substrate. Afier a sacrificial

oxidation andHFtreatment, Si film with a thickness of 92.5 nmandNi film with a thickness

of 25 nmwere deposited on (OOOl) Si face of the sampleby meanof E-gun evaporation in a

vacuumof the order of 10~5 Pa. The thicknesses of Si and Ni films were designed to produce

the stoichiometric NiSi2 alloy. The samples were annealed at 900 ~C for 10 min in a flow of

Ar gas containing 5wi.O/o H2gas. Thecomposition ofthe formed alloy wasinvestigated using

Rutherford Backscattering spectrometry (RBS) with I . 5MeV4He+ions at a scattering angle

of 150'. Current-voltage (1-V) characterizations were performed using Keithley 2400

source-meter combined with a micro-probe equipment at room temperature. The contact

resistances were evaluated using transmission line model(TLM)method.

Figures I shows RBSspectra taken from NVSVSiCsample before and after

annealing at 900 ~Cfor 10 min, respectively. Thedecrease in yield and the increase in energy

width ofbackscattering signals from Ni and Si atomsare causedby the annealing. This result

indicates that the deposited Ni film reacts with Si film by annealing at 900 ~Cfor 10min. The

atomic ratio of reacted Ni and Si was estimated to be I :2, which corresponds to the

stoichiometry ofNiSi2. Since the composition of the formed Ni-silicide is in goodagreement

with the ratio of amountsof deposited Si and Ni atoms, the deposited Ni and Si films form

NiSi2 alloy without the reaction with 4H-SiC substrate. Asdescribed in our previous paper, in

Ni-Si system, since NiSi2 alloy is the most Si-rich Ni-silicide, the stoichiometric deposition

of Ni and Si films restricts the reaction of Ni and SiC substrate. The sharp edge of lower

energy side in Ni signals from NiSi2 indicates that the interface between NiSi2 and SiC
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substrate is abrupt as well as the case of 6H-SiC,

NiSi2 contact showeda goodohmic characteristic to n-type 4H-SiC. Figure 2shows
the plot of resistance vs electrode distance for the NiSi2 contact formed on 4H-SiC. The

contact resistance (I~.) and the specific contact resistance were estimated to be 5.0 ~ and

2.7 X10~6 ~cm2using TLM-method,respectively. The specific contact resistance of NiSi2

contact to n-type 4H-SiC is about three orders of magnitude smaller than that of 6H-SiCwith

the same carrier concentration. It is suggested that the Schottky barrier height of NiSi2

contact to n-type 4H-SiC is estimated to be about 0.3 eV in according with the thermionic

emission model, which is lower than that for n-type 6H-SiC (0.44 eV).[2]

In conclusion, we reported the structural and electrical properties of NiSi2 ohmic
contact to n-type 4H-SiC, NiSi2 contact restricts the reaction betweenNi metal and 4H-SiC
substrate and forms the abrupt NiSi2/4H-SiC interface as well as the case of 6H-SiC. NiSi2

contact showsgood ohmic characteristics with a low specific contact resistance of 2.7 X10~5

~cm2, which is attributed with the low Schottky barrier height at the interface

Reference
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Rapid thermal annealing (RTA) of metal contacts has moreadvantages as compared

with conventional techniques of heat treatment. In this research an influence of various

temperatures of RTAon N~6H-SiCcontact formation on both (OOO1)and (OOO1)faces is

presented I'2

Single crystals samples of n-6H-SiC grown by Lely method with doping

concentration of I-3xl017cm~3were used. In first, a Ni film has beendeposited ona back side

of the sample followed by annealing at 11000C. Afier that, Ni contacts 300x300microns in

size were formed by photolithography on the front side. Theannealing has beenperformed in

vacuumduririg IOsec at the temperatures from 400 to I IOOoCin the ITA-1 8Msystem with a

heat rate of 100 oClsec3.

Current-voltage characteristics of the formed contacts after annealing at different

temperatures for both Si- and C-face are presented in Fig.1. It is seen that before annealing

and after annealing at 4000C the contacts have nonsymmetrical I-V characteristics. Afier

annealing at the temperature more than 7500C, current-voltage characteristics become

symmetrical. The temperature rage from 400 to 7500Cis, so called, intermediate range which

is associated with transient processes in the metal-semiconductor interface. Basedon the

measuredI-V characteristics, the barrier height, specific contact resrstance, saturation current

as well as series resistance havebeenextracted3

Analysis of the obtained data showedthat at the temperatures up to 4000Cstructural

transformations in a Ni film, at the Ni-SiC interface, and at the near-surface region occur.

This results in changing of a barrier height and surface state density. In the intermediate

temperature range metastable fractions of nickel silicide are formed, while at the

temperatures above7500Cthe stable phaseof NiSi andNiSix are formed. Also, as it is shown,

an influence of the type of a face on I-V chaTacteristics is significantly less at the

temperatures over 7500C,whenthe parameters of contacts mostly dependon properties of the

interface NiSix/SiC
.
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The obtained results have shown that characteristics of an interface of one- or

multiplayer metal contacts dependon the annealing temperature and a heat rate as well4.
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At present different SiC polytypes are fmding ever-widening application in

manufacturing of various devices of high-temperature electronics. The heating modesof
choice for retention of the SiC phase composition are those using rapid thermal annealing

(RTA) with incoherent IR radiation [1]. Here we present, for the first time, the results of
investigation ofthe effect of RTAmodeson the parameters ofNi contacts to 21R-SiC(OOOl)

and 2IR-SiC (OOOI )over a wide annealing temperature range.

The Leli-crystals of n-type 21R-SiC (electron concentration of 3•1018 cm~3) were
studied. At the first stage the Ni films 100nmthick were formed on (OOOl) and (OOOI )faces

using resistive sputtering. Thenthey were annealed in vacuumat a temperature T= I IOO'C
for IOs. Afier this similar Ni films were deposited onto the opposite faces and contacts

(300x300 umin size) were formed using photolithography. The structures obtained were
annealed in vacuumat different temperatures for IOs (the rate of changeof temperature was
100 'C /s) using the IT0-18MBset [2]. Wechecked the contact parameters after every
annealing by meas.uring' and analyzinga the I-V curves; besides, Auger (spectrometer LAS-
2000) and structural investigations (atomic force microscope DI Nanoscope 11la and
rougahness indicator Dekctak 3030) were perfonned.

Shownin Fig. I are the I-V curves of the Ni/21R-SiC (OOOI )contacts after RTAat

different temperatures. Whenthe annealing temperature is below 400 'C, then the contact

I-Vcurves are ofthe form of those for a Schottky diode. After annealing at temperatures over
750 'C the I-V curves becomeof the ohmic t~.1)e. An analysis of the presented curves has

shownthat whenthe annealinga temperature is increased, then the barrier height in contacts
drops from 0.73 downto 0.38 eV, the saturation current grows and contact resistivity

decreases down to 2•10~3 ~ cm2. It's remark contact resistance estimated from I-V
characteristics is someoverstated. The Auger concentration depth profiles taken for the

Ni/21R-SiC (OOOI )contacts (as-deposited and after RTAat T=1100 'C) are given in Fig.2.

An analysis has shownthat the above results are in qualitative agareementwith those

obtained by other authors [3,4]. Whenthe amealinga temperatures are over 400 'C, then the

processes in contacts are related to the interactions at interfaces. In this case several

metastable nickel silicide phases appear with temperature growih. At high temperatures and
under presence of excess Si stable NiSi and NiSi* phases can be formed [4]. It is shownthat

whenthe annealing temperature becomesover 750 'C, then the parameters of contacts to

21R-SiC are determined by the blurred NiSi*-SiC interface and do not depend on the
crystallographic orientation of the face. Theseresults correlate with those concerning study of

Ni surface morphologyand Ni-Si.C (OOOI )interface before and after RTA.At T= 1100 'C
substantial changes have been observed at the Ni surface and interface (Fig.3). This is

supported by the features of etching ofthe Ni-SiC structure. Upto T=900 oCthe Ni surface

morphologydemonstrates no substantial changes; contrary to this, at the Ni-SiC interface the

morphologychangescan be observed after RTAat T=750 'C
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Ananalysis of the results of our investigations showsthat one should exert thorough
control over the annealing modesduring thermal processing of contacts. This is necessary for
regulation of both phase formation in the one- and multiplayer contacts and carbon and
silicon redistribution in the near-surface layer [5].
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In order to manufacture high performance SiC electronics devices, development of low

resistance Ohmiccontact materials for p-type SiC is one of the key issues. TiAl Ohmic

contact material provided contact resistivity (pc) as low as around 10~6 ~-cm2. However,

this contact showedrough surface morphology after annealing at high temperatures due to

excess A1 addition to the TiAl contacts from the TiA13 compoundstoichiometry, which was
required to obtain low contact resistivity. To improve the surface morphologyof this contact,

we investigated COAI contacts, because Co was reported to react with SiC at lower

temperature of 600'C. Also, the Cosilicide contacts to p-type 6H-SiCwere reported to have

a low pc Value of 10~6 ~-cm2 [Ref.1]. In addition, Co silicide is Ohmiccontact materials

have been extensively used in Si ULSIdevices and would be easily applied to manufacturing

SiC devices.

Thepurpose of this study is to develop the low resistance COAIOhmiccontacts for p-type

4H-SiC with smooth surface morphology. Weinvestigated the effect of the annealing

temperature and the Al concentration on the electrical property and microstructure of COAl

Ohmiccontacts.

Ap-type epilayer (5umthick) dopedwith 1.0xl019 Al/cm3 wasgrown on the n-type 4H-

SiC(OOO1)substrate by Cree Research, Inc. After chemical cleaning, the 10 nmthick Si02

layer was formed on the substrate by dry-oxidation. Theelectrode pattern were madeon the

SiC surface by photolithography technique and the Si02 Iayer was etched by diluted HF
solution. Al and Co layers were sequentially deposited on the substrate in the high vacuum
chamberby a resistance heater and an e-beam, respectively. A total typical layer thickness

ofAl and Cocontacts wasaimed to be 180 nm. After lifting off the photoresist, the samples

were annealed at temperatures ranging from 800'C to 1000'C in the ultra high vacuum
chamber. The annealing was carried out at 800'C for 10 min, 900'C for 5min, or 1000'C

for 2min. T. he electrical properties of the contacts were evaluated by the current-voltage (1-

V) measurements. The specit"rc contact resistivities were measured by the circular
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transmission line model (lLM). Microstructure wasanalyzed by an x-ray diffraction (XRD),

and the surface morphology was observed by a field emission scanning electron microscope

(FE-SEM)and a stylus surface profiler.

Figure I showsLV characteristics of the COAIcontacts after annealing at 800'C for 10

min. The Co contact without Al shows Schottky behavior and the contact resistance is

extremely large. TheCOAIcontact with 10 nmor 40 nmAl layer showsOhmicI-V behavior.

However, the contact with 120 nmAl layer showsleaky rectifying behavior. After annealing

at 900'C for 5min, the I-V behaviors of the contacts with 10 nmor 120 nmAl layer changed

to non-Ohmicand Ohmicbehavior, respectively. After annealing at 1000'C for 2min, both

the contacts with 40 nmand 120 nmA1 Iayer showthe Ohmicbehavior.

Figure 2showsdependenceof the specific contact resistivities of the COAIcontacts on the

annealing temperature. The pc Values of the samples with 40 nmand 120 nmAl layers

decrease with increase in annealing temperature. Theminimumpc value of 4xl0~4 ~-cm2is

obtained for the contact with 40 nmAl layer after annealing at temperatures higher than

900'C. The spread of the measuredpc Values for the COAIcontacts wasmuchsmaller than

that of the TiAl contact. In addition, the surface morphology of the COAIOhmiccontact

was very smooth comparedwith that of the Th~1 Ohmic contact even after annealing at

1OOO'C.

In summary,the COAIOhmiccontacts with the smoothsurface and the contact resistivity

as low as
10-4 ~-cm2 were obtained after annealing at 900'C. The annealing temperature

and the amountsof Al added to the COAIOhmiccontact were lower than those prepared for

the TiAl Ohmiccontact.

[Ref.1] N. Lundberg, et al., Solid-State Electron. 39, 1559 (1996).
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The excellent electrical and thermal properties of 4H-SiC, such as a high breakdownfield, a
high electron mobility, a high electron saturation velocity and high thermal conductivity

make it a preferable semiconductor material for high-power Schottky rectifiers. The
efficiency of these devices dependson the barrier behaviour at high operating temperatures.

For that reason the good electrical characteristics of metallSiC contacts with their thermal

stability and reliability are very important for the device performance.

Different metals (Ni, Ti, Au, Pt) have been reported as Schottky contacts in 4H-SiC diodes

[1-3]. Themetal used as a Schottky contact in the rectifiers should combinea low resistivity

andhigh thermal conductivity with anot very large barrier height (about 1-1 .3 eV). The latter

is necessary to reduce the power loss in the operating device [4].

In the present work wepropose and study for the first time Pdas a suitable metal for Schottky

contact to n-type 4H-SiC. Thewafers used for Schottky contact formation consisted of n-type

4H-SiC Iayers grown b sublimation epitaxy on the Si-face of commercial n-type,~approximately (7-lO)x 101 cm~3, 4H-SiC substrates. The growih was performed in a high

purity graphite crucible at temperatures between 1600"C and 1800"C and base pressure of

either I .5xl0~5 or
4.5xl0~6 torr. Dueto the specifics of the sublimation epitaxy process the

layers contain Al B andNas typical residual impurities resultin in compensatedmaterial.
, , , I~

_3 • -

Epilayers with two carrier concentrations, 2xl016 cm~3and 8xlO cm , were utilised in this

study. They were cleaned using a standard cleaning procedure in organic solvents and

etching. Prior to the metal deposition the surface wascleaned in Ar discharge. Thedeposition

of all metals wasperformed by electron-beam evaporation in vacuumof lxl0~6 torr. The low
resistance ohmic contact wasformed to n-SiC substrate. It included 100 nmthick Ni annealed

at 950 oC. After annealing Ti/Au (lOO nm/lOOnm)Iayers were evaporated subsequently. The
Schottky contact consisted of consecutively evaporated Pd (lOOnm)/ Au(80nm) Iayers. The

upper Aulayer wasdeposited to protect Pdduring the thermal treatments. Thecontact pads in

a diameter of 0.6 mmwere formed a using shadowmask. The samples investigated have a
vertical configuration. The Schottky contact wasannealed in a resistance furnace in an argon
atmospherefor 5min at temperatures ranged from 200oCto 600 "C.

The Schottky barrier was electrically characterized by I-V and C-V characteristics. The
barrier height and the ideality factor have been determined from the I-V characteristics

measuredon the as-deposited samples and after annealing at each temperature in the interval

investigated (Fig.1). The results showedthat the annealing temperature increase caused a
slight increase of the barrier height up to 500 oC. The following annealing at 600 oCdid not

change it (Fig.2). Morepronouncedeffect of the annealing temperature wasobserved on the

ideality factor. It decreased up to 500 "C heating but further annealing at 600 oC did not
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e-mail: iplban@mbox,digsys.bg
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improve it. Theseresults determined the annealing temperature of 500 oCas a suitable for the
Schottky contact formation. Thebarrier height wascalculated to be I.05 eVbefore annealing
and I . I I eV after annealing at 500 oC for the sample with the higher carrier concentration.
For the same sample a barrier height of I .2 eV has been determined from the C-V
characteristics. An increase of the barrier height has been observed with the samplehaving a
lower carrier concentration. The I-V measurementdetermined I .

14 eVand I .2 eVbefore and
after annealing respectively. The value of I .31 eV has been measured from the C-V
characteristic ofthe annealed sample. In order to explain the observed effect of the annealing
on the barrier height an Augeranalysis ofthe interface Au/PdlSiC has beencarried out.
The obtained barrier height values correspond to the requested ones for the reduction of
power loss in the Schottky diode [41• These results as well as the high thermal conductivity
(71.6 W/m-K)and the low resistivity (1.06xl0~5 ~.cm) of Pd illustrate that it is a suitable
metal for Schottky contacts to n-type 4H-SiC.
Additional experiments on thermal stability ofAu/PdlSiC Schottky contacts at high operating
temperatures will also be presented.
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Large bandgap semiconductors have been widely investig~ted and utilised for optoelectronic

applications. However, research and commercial interest in large bandgapsemiconductor and SiC
electrical devices have recently increased due to the availability of high-quality SiC wafers and

general advance in material fabrication techniques. SiC is a promising power semiconductor

because of ks large bandgap(3.0 eV for 6Hand 3.2 eV for 4H) and thermal conductivity (4.9

W/cmKfor 6Hand 4H)1. For powerapplications, SiC Iarge bandgaptranslate into a high electrical

field and that allows device designs that have lower series resistance and lower power
dissipation.2,3

Thegreat potential of SiC as a semiconductor in electronic device applications is challenged by the

difficulty of controlling metal contact properties.4,5 These properties of the metaVSiCinterfaces

include uniformity and thickness of the interfacial region, stability at high temperatures, and most
importantly the Schottky Barri~r Height (SBH) or the energy barrier for electrons traversing the

interface. The Schottky barrier height determines the electrical behaviour of an ohmic or Schottky

contact. Anohmic contact, important for makingoutside communicationto a device, is defined as

having: (a) a linear and symmetric current-voltage relationship for positive and negative voltages;

and (b) negligible resistance comparedwith the bulk of the device. Therefore a low Schottky barrier

is necessayy to create a good ohmic contact. However, a large SBHis necessary to obtain a good

Schottky, or rectifying contact.

In this paper we reported the specific contact resistance and Schottky barrier measurementsof

NySiC~5Hannealed in the range between 600 and 950 'C. The temary phase diagram of this

system6 showsthat the only stable silicide phase is the Ni2Si. This behaviour has beenconfirmed in

a previous paper7 where wehave shownthat the Ni2Si phase can be formed in the temperature

range between 600 and 950 'C. The carbon present in the consumedsilicon carbide layer

precipitates in small (4 nm)clusters.

Onthis system several experiments have been performed to determine both the specific contact

resistance and the Schottky barrier height but in these studies a simultaneous determination has not

beenperformed in the sameexperimental conditions.

The specific contact resistance measurementswere performed on someTransmission Line Method
(TLM)structures consisting of six contact pads separated by IOOto 400 umrealised on high doped

SiC substrates, Thedoping of the substrate wasranged bctween5•1017 and 7.4•lOlg cm~3, Onthese

substrates a Si02 Iayer, 50 umthick, wasgrownby dry oxidation at 1150 'C. TheTLMstructures

were realised by aphotolitographic process and the oxide layer wasfinally etched by a Reactive lon

Etch (RIE) apparatus. Onthese stuctures the Ni film wasdeposited and subsequently reacted at 950

'C for 60 s. Afier the reaction the urlJreacted film on the silicon oxide layer was etched by a
selective etch. The self aligned TLMstructures were characterised on a Wentworthprobe station

with aKeitley 236 andaKeitley 619.

Ona n substrate (Nd=7•1018 cm~3) an epitaxial layer 4yml thick with a doping concentration of
2.8•l015 cm~3wasgrownby CREERes. Inc. Onthese wafers a Chemical VapourDeposited (CVD)
oxide wasdeposited. Circular structures were openedin the oxide by a photolitographic process in

the range between 100 and 240 umdiameters. Thena 200 nmNi film was deposited, with the

-641-



prevrously reported parameters, and finally the metal layer wasdefined with a secondmaskto form
a field plate over the oxide. Thesediodes were characterised in a Cascadeprobe station before and
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Fig. 2- Arrhenius plot ofthe forward current
of the Ni2SVSiC Schottky diode. The
experimental Schottky barrier heigh~. (qcB)
and the Richardson constant (A ) are
indicated in the figure.

af~er an amealing process at 600 'C for 60 s.

Several TLMstructures have beenprepared with
the process previously described. ANi film has
been deposited and reacted with the silicon
carbide substrate at 950 'C. The total resistailce

RTmeasuredbetwee~l two TLMpads of width
W,placed at distance ~, canbe written as:

RT=2Rc+(R/W;~d (1)

whereRc is the metaVSiCcontact resistance and
Rs Is the sheet resistance of the SiC substrate.

By separating the two contributions of the
contact and sheet resistance, the specific contact
resistance p* can be calculated8,9

Thedata are reported in figure l. Ourdata for the
Nl2S1 are vevoclose to the values reported from
Crofton et al. with a similar process
The fabrication process of the Schottky diodes

wasexplained in the experimental section. Aiier diodes
formation. these devices were chamcterised by I-V. I-T
and C-Vmeasurements.Fromthe I-V data it has been
observed that the characteristics were nearly ideal
(n=1.07) and the Schottky barrier height was in the

range of 1.30~0.01 eV.
This result was further confirmed by the I-T
characteristic reported in figure 4. The Schottky banier
heigltt was exactly the samealso with this technique
and the effective Richardson constant (A") was
determined to be equal to 5.25 A/(cm2K2).

Lowresistance ohmic contacts (3Jixl0~5~cm2) in n-
type SiC were fabricated by performing rapid thermal
annealing of Ni/SiC samples in N2at 950'C. This kind
of thermal process leads to rectifying contacts for
substrate calrier concentration lower than 5xl017 cm~3.

Theanalysis of the Schottky diodes with the Ni2Si show
that this systemhas a Schottky barrier of I .3 eV.
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Characteristics of Scbottky diodes on 6H-SiC surfaces ai'ter sacrificial anodic

oxidation

MaSashu~atQ,Masayalchimura and Eisuke Arai

Department of Electrical and ComputerEngineering, NagoyaInstitute of Technology

Gokiso, Showa,Nagoya466-8555, Japan
Tel +81-5•_-735-5581 Fax +81-51,_-735-544~-

e-mail: nkato@hermite.elcom.nitech.ac.jp

With extensive investi~"atlon for 6H-SiC device processes, commercial electronic

devices are supposed to bc rctilized soon. However, there are some difficulties in the

processes. Oneof the difficultles is slo\~' thermal oxidation rate of 6H-SiC, especially at

(OOO1)Si face.1) This slow rute makesoxidation process time-consuming. In this work, we
tried to perform anodic oxid(Ition as a sacrificial oxidation process before contact formation.

It has a great advantage that the anodic oxldation can be performed at roomtemperature.

n-type 6H-SiCsamples with a net donor concentration of lOid cm'~ were oxidized by

applying voltage wlth a constLint current oi~ I mNcm2in an electro[)~e, which is a mixed

solution of ethylene-glycol, \~'zrter and KN03, for 4, 20 and 100 min. Thenthe oxide films

were etched by HF. The Au Llnd Ni were evaporated as Schottky contacts on the oxidized-

etched surface, and Al contacts \~'ere nlso formed as ohmic contacts without annealing. As
references, the metals were also evaporated on an as-received surface and a sacrificial

thermal-oxidized-etched surftlcc. Before the evaporation, each sample was dipped in HF
and boiling water. WemeasuredI-V and C-V characteristics for the Schottky contacts and

evaluated contact resistances for Al ohmic contacts by the 4-point-pattern method.

Figure I showsthe I-V characteristics for the Ni Schottky contacts on each surface.

The Ni contacts on the 'as-received surface have an average ideality factor n of 1.1. The Ni

contacts on the surfaces after szlcriflcial anodic oxldation show ideality factors n scattered

within 1.1-1.4, and the Ni com~ctson the surface afier sacrificial thermal oxidation show,t

of about 1.1. The barrler hcights l)1-v obtained from I-V curves are 0.95 V for the as-

received surface and 1.0-1.3 V t~or both oxidized-etched surfaces. The estimation of ip/.v is

somewhatunreliable due to dcvintion of n, value from l, but barrier heights measuredfrom

C-V characteristics ipc'-v show the same trend as ipl-v' The leakage current densities at a

reverse bias of ~_OV are of the order of 102 A/cnf.

Figure '- showsthe I-V characteristics for the Au Schottky contacts on each surface.

The n values for the Au contzlcts zu'e ltrrger thtm that for Ni contacts, in a range of 1.2-1.8.

The ipl-v for the Au contact on thc ns-rccciveci surfilce sho\vs the lo\~'est value of O.90 V as

in the case for the Ni conttlcts, \;vhilc IT Is within O.c)8_1.3 V for both oxidized-etched

surfaces. The ipc.v Wasalso incrcased b)' the oxidation and subsequent etching. The leakage

current densities at a reverse bias of 20 V ~lre of the order of 103 A/cm~, which is one order

of magnitude larger than that for the Ni contacts.

Figure 3showscontact resistances for the Al contacts on each surface. The contact
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resistance is 1-lO ~cm2on the as-received surface and 10'2LI0'1 ~cm2on the oxidized-
etched surfaces. Thus both the anodic and thermal oxidation processes reduce the Al
contact resistance by about two orders of magnitude.

The above results show that both the anodic and thermal sacrificial oxidation
processes have similar effects on the properties of the metal contacts. It has been reported
that sacrificial thermal oxidation removes low crystallinity layer at the SiC surface.2) The
sacrificial anodic oxidation can also remove the defective layer and thus is expected to
substitute for the sacrificial thermal oxidation.

1) A. Suzuki, H. Ashida, N. Furui, K. Mamenoand H. Matsunami, Jpn. J. Appl. Phys., 21
(1982) 579.

2) S. Hara, T. Teraji, H. Okushi and K. Kajimura, Appl. Surf. Sci., 117/118 (1997) 394.
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One important technological requirement for diamond based electronic devices is the

production ofreliable ohrnic contacts. Graphitization of diamondinduced by ion implantation

is one of the commonlyused methods for realization of ohmic contacts to semiconducting

diamond, The details of the electrical properties, Such as specific contact resistance between

graphite and diamond, have not been clarified. This research exhibits the electrical properties

of the graphitic electrodes formed in n-type and p-type homoepitaxial diamond films,

respectively. Sulfur-doped diamond films with sheet resistance of 108 ~lC]w ere achieved by

ion implantation in undopedhomoepitaxial diamond (100) films grown by chemical vapor

deposition (CVD) method. p-Type diamond films were synthesized by using trimethylboron

(TMB)gas as a doping source in the CVDsystem. Thegraphitic electrode was fonned by Ar+

implantation with energy of 40keVand dose of Ix I016lcm2 at roomtemperature. TheAufPt/Ti

layers were deposited onto the electrodes and then annealed at 700'C in Argon. The electrical

properties at graphitic electrode/diamond interfaces were investigated mainly by using the

current-voltage (1-V) and the capacitance-voltage (C-V) measurements.It wasclearly seen that

the contacts gave a linear I-V characteristic from low voltage (OV) to high voltage (1500V),

indicating that these interfaces have an ohmic property. The specific contact resistance (SCR)

for graphite/n-type film was characterized to be in the order of 103 ~•cm2. This SCRvalue

seemsto be relatively high, but it is reasonable and enoughto showthe ohmic property for the

present high resistive n-type diamondfilm. Themoredetailed results for n-type film as well as

for p-type film will be discussed basedon the electrical properties in graphite/n-type and p-type

diamond films, which were characterized and comparedby using linear transmission line

model (TLM) and circular TLMextrapolation method (to avoid lateral current crowding

effect).
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Hydrogenincorporation in SiC using plasma-hydrogenation
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A possibility to introduce hydrogen in SiC has been extensively investigated due to the
importance of this topic for doping control during SiC device fabrication. The lon Implantation
technique wassuccessfully used to study acceptor passivation in 4Hand 6Hsamples [l]. Ahigh
temperature annealing in H2 atmospherewasalso applied to investigate passivation of nitrogen
donors [2]. However, a possibility to introduce hydrogen in SiC samples by plasma
hydrogenation stays an attractive alternative due to its ability to minimize surface damage
inherent to the ion implantation approach as well as due to its muchshorter processing times than
for the case of high temperature annealing. Previous data on plasma deuteration showeda
relatively shallow hydrogen penetration that could not be improved by subsequent high
temperature annealing [3]• Annealing led instead to a significant reduction of the hydrogen
concentration due to its outdiffusion from the samples.

It rs suggested that the temperature of the plasma hydrogenatron of 300 Cused mRef. 3is not
enough to stimulate a sufficient level of H diffusion that requires muchhigher temperatures
and/or processing times [4]• In this work we investigate the role of the sample temperature
during its exposure to the hydrogen plasma on the efficiency of achieving hydrogen diffusion
into the bulk of SiC crystals. Hydrogenation is performed in two different systems operating in
the reactive ion etching (RIE) and the Inductively Coupled Plasma (ICP) modesat different
microwavepowersand pressures. Results of hydrogenation in an ICPplasma (750 Wand250Wmicrowavepoweron the top and the bottom electrodes respectively, 50 mTorrpressure) for I hr
are shown in Fig. I .

In addition to the less than O. I umdeep shallow region similar to that
observed after plasmadeuteration in Ref. I , a rather distinct diffusion front can be observed from
this SIMS profile. An efficient

passivation of Al acceptors was 1E+22
observed m this sample by low

IE+21temperature photoluminescence "
spectroscopy [5]. This result is

'~

^ IE+20different from the SIMS profile .~

observed
;::

after performing ~ IE+19's
shydrogenation in the system 8

operating in the RIE modeat the 8 1E+18
estimated temperature of about :::

3000C. A denser plasma generated IE+17
in the ICP system is expected to
produce a higher degree of sample IE+16
heating, which could be the reason O
for the muchmore significant level

of hydrogen diffusion in this case.
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Results of hydrogenation experiments
hydrogenation will be reported and the

hydrogen penetration will be discussed.

at

role

different powers and pressures during

of the process conditions on the effrciency
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[1] N. Achtziger, J. Grillenberger, W.Witthuhn, M. K. Linnarson. M. Janson andB G
Svensson, Appl. Phys. Lett. 73, (1998) 945
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,. .. . ,

*,
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Investigation of group IV nanocrystals formed by ion beamprocessing
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2) Friedrich-Schiller-Universitat Jena, Technisches Institut, Ldbdergraben32, D-07743Jena
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250keVGeions were implanted into [OOOl] 4H-SiCbulk crystals or epitaxial layers at room
temperature and 700'C with an ion fluence of 1016 cm~2causing a Gepeak concentration of
approximately lato/o within the projected ion range (lOO...110um). After implantation
thermal annealing wascarried out at temperatures up to 1600'C in Ar atmosphere (pressure
20 kPa) for 120 s with a double graphite strip RTAapparatus. Thesampleswere analysed by
meansof Rutherford Backscattering Spectrometry (RBS), Cross Sectional Transmission
Electron Microscopy (XTEM)methodsandX-RayDiffraction (XRD).
Whereas after room temperature implantation the implanted layers are amorphous,
amorphization is prevented at 700'C. A defect band occurs around IOO...200 nmdepth, i.e.

deeper than the maximumofthe Gedistribution (Fig. I,
Ieft).
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The decrease of the aligned RBSyield in the energy region of backscattering on Geatoms
(Fig. I ,

right) with respect to the randomyield (full line) indicates that a signifrcant part of
the implanted Ge is incorporated into the SiC Iattice along the [OOOl] direction. Annealing
yields to a further decrease of the damageconcentration (Fig. I,

Ieft) and an increase of the

Gecontent visible by the ion beam(Fig. I ,
right) mainly in the near-surface region. This can

be explained by the formation of Geprecipitates within the SiC Iattice leading to an enhanced
ion backscattering. By meansof a special Z-contrast method(STEM-HAADF)in the same
depth region Geclusters with lateral dimensions between2nmand 12 nmwere detected (not
shown). High-resolution TEMidentifies these clusters as Ge-rich cubic nanocrystals
containing stacking faults (Fig. 2).

a

Fig. 2.• HRTEMimagesofdjfferent Ge-rich nanocrystals formedafter annealing at 1600'C
(viewed along fJ J_20J-direclion of the 4H-SiCmatrix).

The nanocrystals in most cases are not aligned with major SiC crystallographic directions

which explains the increase of the RBSyield with respect to the as implanted case (Fig. 1).

The existence of Ge-rich or Genanocrystals in Ge-implanted and annealed 4H-SiC Iayers is

also confirmed by XRDanalysis (not shown). The observed shift of the 111Ge reflection

towards the value of crystalline Si maybe the consequenceof internal strain in the crystallites

or be due to crystallites consisting of a mixture of Si and Ge.

The results showthat Ge implantation into SiC in combination with subsequent annealing
leads to the formation of Ge-rich nanocrystals.

Further investigations will be directed to the control of distribution, size and composition of
the nanocrystals.
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Recent progress in the preparation of a-Sil-.C.:H by thermal evaporation in

GlowDischarage Decomposition of Methane
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Departmentof Physics, College of Sclence, University of Baghdad
Jadriya. P.O. Box47054

ABSTRACT

H),'drogenated amorphoussilicon carbide a-Sil_xCx:H films have beenprepared successfully

by thermal evaporation ofsilicon in an environment ofglow discharge (G.D) decomposition

of methane .The optimum conditions have been developed for the preparation of near
stoichlometric thin films of a-Sil_*Cx:H .The optimum conditions are, press~ure ofmethane
Pcl 14= -~~mbar, rate ofdeposition rd=0.5 nm.s~1

,
substrate teinperature Ts=473K.G.Dtechnique

~vaS used to produce carbon and hydrogen atoms to be mixed and embeddedin the silicon

t"IlmS using capacitance technique at 18 cm distance within residual methane gas. The
amorphousstructure of the as-deposited and the annealed a-Sil_xCx:H thin t"Ilms have been

determined using X-ray diffraction (XRD), ~vhile the influence ofhydrogenation on these a-

a-Sij_~C\:H t'~1lms have beenstudied using infrared IR absorption spectroscopy to conf"Irm the

hydro*9:en bonding of a-SiC:H. CHand a-Si:H as \\~ell as a-Si-C bond
The siiicon content has been determined by atomic absorption spectrophotomerer. The
dependenceof film structure and composition on the preparation condition \\~as studied. The
homo'._'eneitv of the t'~llms and the thickness ha\'e been examlned by scanning eiectron

mlcroscopy SEManalysis .The optical band gap was found to increase up ro 2._~'~ eVwith

Increaslng time of G.D (up to 60 min) decomposition ofmethaneCH4using the capacitance

techniclue with d,c biasing voltage =20V. \\"hile it decreases downto 2.25eV t~or G.Dt}me of

90 min.

The optical enery gap E:Pt has increased up to 2.48eV with increasing silicon content up to

600/0 w[th d.c biasing \'oltage but with a.c basing voltage, E~Pt has decreased to its lowest

value at 60 cubic centemeter per minute (ccm/mln) as flowrate ofmethane, albeit ~\"e tbund

that E::1't increases with increasing annealing temperature Ta' Thecarbon content wasfound

to increase with increasing flow rate ofmethane. Howeverthe absorption edge has shifted to

hi~. energies with increasing T.
.

The band \vidth (Urbach band tails )\\~as observed to

decrease with increasing Ts, albeit it shifted to higher values with increasing silicon content.

The ret~ractive index (n) and the real part ofdielectric constant (81) were found to decrease

\vith increasing wavelength while it decreases with increasing silicon content at ~=780nm.
~1~he e\tinction coeffrcient (k') and the imaginary part of dielectric constant (82) decrease with

increasin*'_' wavelength .The D.Cconductivity (ad
c )of a-Sil_xC.:H thin film wascharacterized

by 3 trnnsport mechanisms. The thermoelectric powerand Hall effect at T e\'hibit p-

type for a-Sil_~ C.:H thin film and then converted to n-type with increasing Ta up to 473K
.

2 1 .l

Hall mobility u1-1 of a-Si51C49:H increases methane up to 1113 cm.V~ ,s \\~Ith increasing

flo\\' rate up to 60ccmlmin and it decreased \\'ith time of G.D and also decreases with
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Incle Isln(> (T ) Hall carrler concentratlon (nH) rs observed to decrease downto ' 5x I014 crn3

with increaslng flow rate of methane up to 60ccm/min, and then increases above that rate.

Ho\ve\'er it Increased with increasing time of G.D and then started to decrease downto
9.3\1014 cm~'. on the other hand nl~ has increased with increasing Ta up to 373Kand then
declcasln'" takln,)a value of 71 xl014 cm~3

,
A.C, conductivity [a(o))] ofa-Sil_xCx:H t"Ilms at

T \vas measured in the frequency range (100HZ- 10llviHz) and at the annealing
temper'ature range (305 - 453)K .The result is discussed in terms ofthe quantummechanical
tunnelin~ QMTmodel of conduction, a((o) at f= 100 KHZincreasing with increasing Ta uP to

4.2 xlO~(' ~ l~ ,cm~1 at Ta=473Kand then a((o) decreases with increasing silicon content down
to I .3x I0~6 ~~1.cm~1at 40 at o/o Si and then increasing to 2.~ x l0~6~~1,cm~1at 50 at o/o Si.
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ANovel Technology for the Formation of a Very Small Bevel Angle for

High Electric Field EdgeTermination

F. Yanl. C. Qinl. J. H. Zhaol. P. Alexandrov2, andM. Weiner2
IsiCLAB. Dept. of ECE,Rutgers University, 94 Brett Road. Piscataway, NJ08854,USA
Tel: 732-445-5240, Fax: 732-445-2820, email: jzhao@ece.rutgers.edu
2United Silicon Carbide. Inc., NewBrunswick Technology Center, Building D, NJ08901

The edge termination is an indispensable technology to achieve the bulk avalanche
breakdown. Of numerousedge termination technologies, the positive bevel edge termination is

most desired because it is the only approach being able to achieve the ideal avalanche
breakdown. Besides, the drastically reduced surface electric field in a positive bevel edge
terminated structure is expected to improve the device reliability. In this report, wepresent a
technology that can form a beveled edge
termination with a very low bevel angle. 4H-SiC

..~' ' * =

~

-E

diodes terminated by a 20 positive bevel fabricated ~~'=;;;~=;i'.':,,{{~=~;;;,i~jj*=~~~~;i..={{";,=~;~=-'=
=*~~~{*•_

*===..
~{*==.;====~=;==~==

***,*:{{=~~==*,**==.~*.~i.;=***:;.

with this technology are also presented.
In this method, a thick photo-resist (PR) is

, , ,,, .,, ,, ,=, =,,, ,=,=i==.'**',~i;~* ==~

first spun on the sample. After exposure and ~j={~{}"",~~=,==,.=,=* ="""'""(")

development, a short time hot plate baking is

conducted. The baking temperature and time are
adjusted to control the shape of the PRpattem
until the desired shape is achieved. The PR is

hardened after baking. Since etching rate of
semiconductoT is muchlower than that of PR, a
mesawith a small bevel angle can be achieved
using edgebeveled PRpattem as the etching mask

***_*~ ~=~=*+* ~~
- *'." ""*'. '"~,for inductively coupled plasma (ICP) etching = •--

~=='.~~;-.=' ~,~~,~.*~ ~' "~;
*,i>':~•,*{::1:==,,.=

~*, *- -

Figure I (a) shows the top view of the pattemed
PRbefore hot plate baking. Thedimensions of the

pattem are 130umx 130um. The inset is the

thickness profile of the PRpattern. The thickness

of the PRis 10um.Figure I (b) showsthe pattern
after 1600C 10-second hot plate baking. The
asymmetric bright pattern in Fig.1 (b) is causedby
lighting and shading effect. The actual shape of

PR after baking is symmetric. The thickness
profile is shownin the inset. The PRat the edge
shrinks to the center after baking, resulting in a
beveled edge with a bevel angle of 200. After 10
minutes ICP etching by the 021CF4plasma with a
bias of 50Vand a powerof 700W,a beveled mesa
with a depth of 0.9um and a bevel angle of 20 is Fig.1: Thick PR pattem (a) before

achieved. Figure I (c) shows the top view of the baking, (b) after a 1600C 10 second

resulting beveled mesa after removing the PR. baking, (c) beveled mesaon 4H-SiC.

The inset is the thickness profile of the mesa. The Insets are thickness profiles
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surface roughness of the bevel edgehas beencheckedunder SEMwith 3000Xmagnification.
visible surface roughness has been observed.

The successful fabrication of very small

No

bevel angle has been applied to the fabrication of I020

4H-SiC diodes on a wafer with SIMS profile
,

NAI
E I019 /shown in Fig.2. The wafer has a p+pn structure lo_

grown on n+ substrate. The doping concentration ~Io'8

and thickness of the p+, p, and n are 4xl019/cm3 *CU

and 0.1um, 2xl018/cm3 and 0.2um, and 3xl018/cm3 ~Io~ 17

uand 2um, respectively, with varied doping densities =8 Io'6betweenp+ andp, andp and n. Consider the varied
low doping near the pn junction and the doping of iO'=
the p layer being lower than the n layer, the co 0.5 1,o I .5 2,0

Depth (um)resulting diodes have a positive bevel edge
Fig.2: SIMSprofile of 4H-SiCwafertermination.

Figure 3 shows the reverse I-V
characteristics of a fabricated 4H-SiCdiode with 300umdiameter. Tests have been done at room
temperature (RT), 100'C, and 150*C. The leakage
current at 95%breakdownvoltage is about lxl0~5

100
_

A/cm2at RTand lxl0~4 A/cm2at 150*C. This is

comparable to the leakage current of avalanche
~E '"'

N- 10~1 ~**,

photodiodes (~PDs) with Si02 passiviation and
I0~2 ~

~~.- ,,*

multrple step Junctlon terrnrnatron extension.1 The '- ~,"

diode runs very stably in deep avalanche at ~ I 0~3 ~=* '""

>temperatures up to 150~C. Note that there is no -4 ~,•~s ,, ,, ., *:!:_co 10
passiviation layer protecting the edge of this v.Itag. (v)

diode. As shown in the inset, the breakdown ~10~5 ^^~ .....

voltage increases as the temperature increases,
C] ^^^'..r'

...10~6

suggesting a positive temperature dependenceof ~ $f^r" •" RTc~ 10~7
the breakdownvoltage. The breakdownvoltage at * IOOoc

:5 -8 '

RTat0.1A/cm2 is 63V. o 10
_ A ___ 1500cIn summary, a novel technology for the

formation a very small bevel angle for edge
ICo 20 40 60

termination has been developed. 4H-SiC diodes
terminated by a positive bevel have been

VOltage (V)

fabricated with this technology, which showa low Fig.3: Reverse I-V characteristics of a
leakage current and a positive temperature 300umdiode terminated by a 20 positive

coefficient for breakdownvoltage even though no bevel. The inset shows the details of

passiviation has been applied to protect the edge. breakdownat different temperatures.
It should be pointed out that this technology is

particularly useful for the fabrication of reliable APDSWhereand IMPATTdiodes where high
electric field junctions are normally easier to reach by dry etch process.

Reference:
l. F. Yan, Y. Luo, J. H. Zhao, M. Bush, G. H.Olsen, andM. Weiner, submitted to IEE

Electronics Letters.
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Thermalanalysis of GaN-basedHFETdevices Using
the Unit Thernral Profile Approach
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GaN-basedelectronic deviees have been demonstrated to be ideal for high power

andhigh frequency applications. It is primary due to a tw0~iimensional electron gas (2DEG)

generated in the AIGaN/GaNheterostrueture. The2DEGwith a high mobility also permits

low resistances and low noise performance not possible with SiC devices. However, GaN-

based devices fabricated on the sapphire substrate are known to suffer from the serious

heating effect due to the poor thermal conductivity. Thethermal analysis for the GaN-based

devices has been increasingly important sincc the heat dissipation can degradethe DCand the

RFperformance of devices, in particular during the high power operation. This study was

motivated by the need for an accurate modeling tool for the prediction of device design to

minimize the thermal effect and to optimize the device performance. This paper focuses on

thermal analysis of particularly in AIGaN/GaNHeterostructure Field-Effect-Transistors

(HFETS).To simulate thermal profile of device surface, approximate solution wasemployed.

Typical geometry for modeling devices is the rectangular structure consisting of multiple

layers of different materials with a rectangular heat source and the infinite double Fourier

series is the solution. In our simulation, a circular embeddedsource wasadapted instead of

square heat source. Approximation of circular heat source wasdemonstrated as accurate as

square heat source solution. Appropriate physical material parameters and structural

parameters of device were implemented in the simulation. Figure I shows the simulated

device structure. Thethermal distributions around the gate of the device are shownin Figure

2(a) and (b). It wasshownthat the peak temperature for the device using the sapphire as a
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substrate reaches to about 280 oCwith the input powerof I .5 Watts. Thepeak temperature

whenusing the SiC as the substrate wascalculated to be about 140 oC for the sameinput

power. It wasshownthat the results of simulation matchwell with the experimental data. We

expect that our thermal simulation lead to optimization of device performance and revised

device fabrication is in progress with consideration ofour thermal simulation

1.o
Drai•I

~Gate~
0.8

0.6
Drain

:~~

N 0_4
nmAIGaN
0_5umGaN
Nucte atio n
layer
0.8
300um
Sappire

0.8 -0.8

Figure I .
The schematic simulated structure of the AIGaN/GaNHFET.Embeddedcircular

heat source wasplaced under the A]GaNIayer. Thedrawing is not in scale.
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Figure 2. Temperature distribution around the gate of the AIGaN/GaNHFETusing a) the

Sapphire substrate (thermal conductivity of 0.28 W/cmK) and b) SiC substrate (4.9 W/cmK).

Thegate width and length are 200 umand O.8 um, respectively. Thepeak temperatures are
about 285 oC (a) and 145 oC(b), respectively around the gate electrode.
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Hole resonant tunneling through SiC/Si-dotlSiC heterostructures
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Si-based resonant tunneling diodes (RTDS) are of great interest for applications to

high-speed electronic devices and have been studied using various material systems such as
Si/Sil_*Ge* L1,2], SilCaF2 [3], SilSi02 [4]• However, the peak-to-valley current ratio is still

low comparing with the GaAs-basedRTDSand no room-temperature operations have been
reported.

Amongthe manypolytypes of silicon carbide (SiC), cubic 3C-SiC is a wide gap (2.2 eV)
semiconductor and can be epitaxially grown on Si substrates. Since 3C-SiC/Si(100) has a
wider valence band offset (AEV~ 0.5 eV) than that of Sil_*Ge, 3C-SiC is attractive for the

hole barrier in RTDstructures. Previously, wehave investigated the 3C-SiC/Si multiplayer

growth by supersonic free jet CVDand found that Si islands were tbrmed on the SiC films at

the Initial growih stage [5]. Recently. we have reported the formation of SiC/Si-dotlSiC

heterostructures on n+-Si(100) and observed the current peaks and negative differential

resistance due to the electron resonant tunneling from the dot structures [6]
.

In this study, we
have grown the SiC/Si-dotlSiC heterostructures on p+-Si(100) substrates and the

current-voltage (J- V) characteristics were measuredat room temperature by atomic force

microscopy (AFM)with a gold-coated conductive tip.

The SiC films and S1-dots were grownby CH3SiH3and Si3H8 free jets, respectively. The
substrate temperature was set at 850 'C for SiC and 700 'C for the Si-dot growihs. Figure 1
showsthe AFMimageof the sampleobtained by the 1000pulses of CH3SiH3/Si3H8/CH3SiH3
jets onto p+-Si(100). The thickness of SiC films was estimated to be -3 nmin this growth
condition. The diameter and the height of the dots were typically -10 nmand ~5 nm,
respectively. Figure 2showsthe I-V characteristics obtained from AFMtip on the dot a in Fig.

l .
The current peaks and negative differential resistance were observed at - I .7 V. Basedon

the Si-dot height estimated to be 4nmfrom AFMIine profile analysis, wecalculated the hole

cont~mementenergy levels. Theobtained peak maybe due to the resonant tunneling between
the hole conf'~mement energy level in the quantumwell and the Fermi level of the emitter as
illustrated in the inset of Fig. 2.

Llj H. C. Liu, D. Landheer, M. Buchanan, and D. C. Houghton. Appl. Phys. Lett. 52, 1809

(1988).

[2] K. Ismail. B. S. Meyerson, and P. J. Wang,Appl. Phys. Lett. 59, 973 (1991).

[3] M. Tsutsui, M. Watanabe,and M. Asada, Jpn. J. Appl. Phys. 38, L920 (1999).

L4] K. Yuki. Y. Hirai, K. Morimoto, K. Morita, and T. Uenoyama.J. Vac. Sci. Technol B14,

4068 (1 9c)6).
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Fig. 1. AFMimage of SiC/Si-dot/SiC/Si(100) surface morphology which was grown by

lOOOpulses of CH3SiH3/Si3H8/CH3SiH3free jets.
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Thefeasibility of using silicon powerthyristor for Electric gunpulser has beenestablished
[l]. But a series array of a large number of devices is needed to achieve the required

performance. The resulting size and weight of the pulser is non-optimal. The material properties

of silicon carbide (SiC) indicate the potential of reducing the size and the power losses of the

power devices [2]
.

This paper investigates the design and the performance of a 5 kV
Asymmetrical 4H-SiC Thyristor as main switch in EIectroMagnetic Launching applications

(EML). Basedon the simulation results, an evaluation of 4H-SiC Thyristor is carried out with
regard to electrotherrnal effect. Atwo-dimensional (2D) fmite element simulation packageISE is

used [3]• The ISE simulator frst have allowed to estimate the maximumbreakdownvoltage for

different thickness anddoping level of an ideal plane parallel junction by using impact ionization

coefficients given by Konstantinov [4]. Using these results (Fig. l), a 35 umepitaxial layer doped
at 1015 cm~3 for the blocking layer of the thyristor should give a theoretical forward blocking
voltage of 5700V. Figure 2showsthe simulated structure where all parameters are indicated. We
obtain VF= 6V for 1800A/cm~2at 600K.

As the periphery protection is an important issue in the design of SiC power devices,

several techniques, such as MESA.Junction Termination Extension (JTE) and Epitaxial Guard
Rings (EGR*) have been studied. The optimal breakdownvoltage for each technique will be
presented. The study of the MESAshowsthat the best configuration is for a vertical etch that

reaches the Pbuffer layer. TheJTE is realised by forming at the peripheral of the device an N-
type region in the P-type blocking layei by ion-implantation of nitrogen. For this region which
spread in 150 umat the peripheral, several couple of doping level and thickness of the JTEgive

the optimal breakdownvoltage but the condition is to keep a dose of 9. 1012 cnf2 of nitrogen (Fig.

3)

Another periphery proteetion, so called EGR~,consist to etch the N-type epitaxial layer to form
guard rings. Theoptimal design is obtained with 5rings, the space betweenthe rings is 2un~ the

ring width is 12umand the etch depth is 2. I um(Fig.4).

Futhermore we report on the simulation of the finite element thyristor inserted in the
circuit applicatior~ shownin the figure 5, where the other componentare Spice's modeldefmed.
The typieal eurrent for an Electromagnetic Launching applieatior~ is formed by the inductance L
(L=30 uH) and the capacitanee C (C=865 uF). Diodes are used as a crowbar switch. The
schedule of condition imposeda thyristor able to switch a current pulse superior to 20 kA. We
have then studied the minirnal area of the thyristor that allows to ,obtain those current peak by
considering the evolution of the temperature inside the structure due to the self heating (Fig. 6).

The initial voltage at the capacitor is 5kV. Whenthe thyristor is switched-on the pulse eurrent in

the load (L and 'R in series) takes place. The figure 5represents this pulse current waveformfor

an area structure of20 cm2. Thecurrent rate is dVdt = 160 A/us, the tnaximumswitching current
is 25.7 kA and the drop voltage is only 5,5 V. By decreasing the area downto 1.5 cm2, the

maximumqurrent is only redu.ced to 25.5 kA and VF=35 V. the self heating in the structure

increase the maximumtemperature up to 700 K. Therealisation of this device is on the wayand
the design has taken into account the simulation re~ults.
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Silicon carbide showstremendouspotential for bipolar device applications such as inverters and
switch-mode powersupplies. Very recently, remarkable progress has beenmadein 4H-SiCbased

GTOthyristors. For example, 4H-SiC GTOthyristors with 2.6 kV forward blocking capability

andup to 12 Aof forward current were successfully demonstrated [l]. In this paper, weexamine
the tum-on and tum-off performance of these GTOthyristors.

Across-sectional view of the thyristor structure is shownin Fig. 1. Five epilayers were grownon
380umthick, 80 off-axis 4H-SiCn-type substrates with resistivity of 0.02 ~•cm. Theblocking p~

(base) Iayer was50 umthick, doped to around 7xl014 cm~3. Thep+ buffer layer served to block
the spreading of the depletion layer under forward bias, thus making the device asymmetrical.
The proper injection efficiency of the p++(anode)-n(base) junction wasprovided by very heavy
doping of the p++_layer to lxl019 cm~3. It is worth noting that, owing to the relatively large
ionization energy of Al in SiC (0.24-0.26 eV), only about 2percent of the Al atomsare ionized at

roomtemperature. As a result, the concentration of holes in the p+_emitter grows exponentially
with temperature in the range from 300 to 450 K.

Figure 2showsthe time dependenceof the current density during the turn-on process in a 2.6 kV
SiC thyristor at different temperatures. Thesteady state current density jo * 1200A/cm2. It can be

seen that the turn-on process is strongly temperature dependent. The total turn-on time is I .2 us
at 293 K and only 0.4 usec at 404 K. It can also be seen that at T> 380 K the temperature
dependenceof the turn-on process tends to saturate. Qualitative analysis, analytical calculations,

and computer simulations have been madeto clarify the origin of this effect. It is shownthat the

temperature ionization of the Al dopant in the p+_emitter is mainly responsible for the effect. The
hole concentration in the p+_emitter grows sharply with increasing temperature, making the
injection coefficient of the p+_njunction larger.

Wealso report on the gate turn-off performance of 4H-SiCasymmetrical GTOthyristors with 2.6

kV breakover voltage, for temperatures ranging from 293 K to 500K (Figs. 3-4). Both quasi-
static andpulse regimes of the gate turn-off operation were studied. The temperature dependence
of turn-off time and cathode holding current were investigated. At every temperature, there is a
maximumvalue of cathode current lcon

'ulx, which can be turned off by the gate current. At room
temperature, Icon

max
is equal to 3.3 A which corresponds to current density jc * 1000A/cm2.

Turn-off current gain Kc = k/IG dependson temperature, the gate pulse duration AtG, and the

current density in the on-state. TheKGis maximumwhenAtG is large (quasi-static tum-off by
the current IG*t)' At jc = 1000A/cm2, the maximumvalue of KGis equal to 6. With jc decreasing,

KGincreases, and at jc = 300 A/cm2, KG= 12.5. Theabovevalue of KGis the highest reported for

SiC GTO's. The turn-off gate current IG increases with a decrease in AtG. The following
semiempirical formula describes the k/IG,t dependencewell over the entire temperature range:

lIG / IGst = I - exp(-AtG IT*) '
(1)
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where 1* is a fitting parameter which can be considered as a rough estimation of the calTier

lifetime in the blocking base. TheT* is found to grow exponentially from 0.6 to 3.6 us in the

temperature interval 293 - 502K.
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Sublimation epitaxy SEhas several advantages over chemical vapor deposition such

as a higher growth rate, possibility of in-situ etching...The aim of this work is to

demonstrate the feasibility of bipolar diodes with high blocking voltages realized on

layers grownby SE. This methodallows to obtain n-type layers with doping level as

10was Nd-N*- 5x 1015 cm~3on n+ 6H-SiCLely substrates [1].

Epilayers with thickness between 10 and20 umhave beengrown, using a growth rate

in the order of 15 um/h. PNjunctions have been realized by a triple implantation of

Aluminuminto such epilayers to create the emitter, with energies ranging from 70 to

180 keV and a total dose of 8.8xl015 cm~2. A surrounding region, namedJunction

Terminal Extension (JTE), has been realized also by a 4-fold implantation of

Aluminum,with energies ranging from 50 to 300 keV, with a total dose of I , 18x 1013

cm~2. The aim of this region is to decrease the probability of surface breakdown, by

the spreading out of the equipotential lines. The diameters of diodes are in the range

200-800 um. TheJTEwidth is 250 um, as shownby previous numerical studies.

Rectifying properties are observed in forward bias with current density between5-10

A cm~2at 2.5 V. In the reverse direction, structures has rather stable breakdowns

(Figure 1) in the 800 V range. Values of the experimental breakdownvoltage on

diodes with the smallest diameter (200 um)are in agreementwith calculated values

Temperature stability of this diode wasinvestigated up to I080K(Figure 2).

Electrical characteristics of diodes realized on layers grown by SEepitaxy will be

detailed in the full article.
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Onthe TemperatureCoefficient of 4H-SiCNPNTransistor Current Gain
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Silicon carbide (SiC) has been recognized as an attractive wide-bandgap material for high-

power, high-voltage, and high temperature applications. While SiC power rectifiers are about to

be commercially available, SiC powerswitches still require substantial developmentefforts. The
major problems facing the MOSFET-basedSiC power switches are the low inversion layer

canier mobility and the poor reliability of gate oxide under both high field andhigh temperature.

GTOSare free of gate oxides but, being latch-on devices, are not as attractive for manypower
system applications such as motor control inverters. Before a novel high ternperature and high

power switch free of gate oxide becomesavailable, SiC BJTScould be a candidate for some
system applications at high ambient temperatures. The disadvantages of BJTswitches normally
lie in two aspects. First, BJTSare current controlled switches. Whendesigned to block high

voltage and conduct high current, a substantial base current is needed. Darlington BJTScan
reduce the complexity in implementing the base drive circuitry but with a substantially increased

forward voltage drop. Second, BJTSnormally have a positive temperature coefficient (PTC) for

current due to carrier lifetime increase with increasing temperature, which makesparalleling

power BJT difficult. Simulation work has, however, shown that SiC BJTSShould have the

desired negative temperature coefficient (NTOdue to acceptor Al's deep ionization energy (19 1
meV) [1]. The first experimental demonstration of 4H-SiC power BJT [2] observed an NTC
while the subsequent reports reported both PTC[3] and NTC[4]• This paper focuses on the

effects of base carrier lifetime, doping density, and acceptor energy level on the temperature
dependenceof NPNtransistor gain. It will be shownthat, depending on the carrier lifetime and
base doping, 4H-SiC NPNtransistors with Al-doped base could show both PTCand NTC.
Besides, SiC NPNBJTSWouldgenerally have aPTCif an acceptor with EA were used.

The4H-SiCNPNcell structure used in the simulation is shownin Fig,1. Its Jc-VcE curves at

roorn temperature are shownin Fig.2. The acceptor energy level (EA) has great effects on Pas

illustrated in Fig.3. WhenEA the device has a PTCin ~• At EA=170meV,the NTCin

pbegins to appear at current densities from 30 t0150A/cm2. WhenEA=19lmeV,the temperature
coefficient of ~is negative up to 500A/crn2 for the structure shownin Fig. I .

Figs. 4and 5show
the effect of electron lifetime in the base on ~at different base doping concentrations. For a base

doping concentration of lxl017cm~3, the turning point of the temperature coefficient of ~is at

lr~=0.291us. Below 0.291us, the temperature coefficient of ~is positive. Above0.291us, the

temperature coefficient of ~becomesnegative at around 60A/cm2. At 1:.=2.908us, NTCis foun3d

at the current densities from 20 to 150A/cm2.For the base doping concentration of 2.5xl017cm~
,

the turning point of the temperature coefficient of ~is around T~=26ns. Below 26ns, the

temperature coefficient of ~is positive. Above26ns, ~has an NTC.With electron lifetimes in

the base of 55ns and 257ns, an NTCis obtained at the current density up to 300A/cm2and
800A/cm2 respectively. Thus, using higher base doping concentration can relax the requirement

for carrier lifetime to obtain an NTC.The effect of the base doping concentration on ~with an
electron lifetime of 100ns is depicted in Fig.6. A PTC is found when the base doping

17concentration is smaller than 1.5xlO cm~3.
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ANovel High-Voltage Normally-Off Field GatedBipolar Transistor in 4H-SiC
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The commercial availability of 3-inch wafers of 4H-SiC and the continued effort in scaling up
SiC substrates by a nuniber of companiesare fostering a SiC powerelectronic industry. A Iot of
4H-SiChigh voltage and high speed devices have beendemonstrated with the majority focusing

on replicating the corresponding Si powerdevices in the hope of achieving higher power levels.
It has, however, been realized that MOS-basedSiC devices maynot be suitable for applications
under both high electric fields and high temperatures (over 150 C) due to the reliability concern
of the gate oxide. In order to take full advantage of SiC superior material properties, SiC power
switches free of gate oxide or insulator need to be designed anddeveloped.

In this paper, a novel high voltage normally-off field gated bipolar transistor (FGBT) in 4H-
SiC(patent pending) is proposed. Normally-off power switches are preferred over normally-on
devices, which present substantial complication in practical applications such as motor control

power inverters. The DCand transient characteristics of this device are investigated by
performing two-dimensional numerical simulations. ISE SiC TCADmodule is used in this

simulation. The4H-SiCmaterial parameters used in the simulation are taken from most recently
published literatures in order to obtain realistic results. Thecross sectional view of the proposed
normally-off FGBTis shownin Fig, I . Aburied N+Iayer formed by using MeVdeep Nitrogen
implantation is used to collect the electrons injected from the emitter and to define the horizontal
channel. Asemi-insulating layer formed by deepVanadiumimplantation is used to terminate the
horizontal channel controlled by an implanted N+Pgate. The simulated DCcharacteristics are
presented in Fig.2. The device is normally-off and blocks 3015Vat 300Kand over 3500Vat
600 K. It can be turned on with gate voltages up to of 2.7V and 2.0V at 300Kand 600K,
respectively, with a negligible gate current. At IOOA/cm2,the forward voltage-drops are 3.

82V
and 3.58V at 300Kand 600K, respectively. Since there is presently a large variation in carrier
lifetimes in 4H-SiC materials although, being an indirect band gap semiconductor, its camier
lifetimes should be long, the effects of the variation of carrier lifetimes on the performance of the
device have been studied and are depicted in Fig.3. The forward voltage drop improves when
electron lifetime x. is increased to around 2us. Although beyond 4us the improvement is

minimumfor tllis particular design, Ionger carrier lifetimes should makeit possible to design the
device with a thicker base with improved blocking voltage capability. The vertical channel
opening dis a key design parameter for high voltage normally-off FGBT.Its effects on blocking
voltage and the forward current density at 5Vare illustrated in Fig.4. Theoptimized value for d
for a 3,000V FGBTis 2.5um. The switching speed is a critical parameter for a power switch.
Thesimulated switching waveformsfor a resistive load circuit with an emitter current density of
200A/cm2and a blocking voltage of 1000V are summarized in Fig.5. With a dVGC/dt of
5.4xl06V/s, the tum-on time is 0.52us while the tum-off time is I.17us at 300K. Experimental
demonstration of the first 4H-SiC FGBTwill be presented along with future work suggestions
for improved device performance.
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SiC has long been recognized as one of the candidates for high voltage, high temperature, high

power applications. A novel MOS-GatedBipolar Transistor (MGT) structure, which was
demonstrated in sllicon [1], was previously proposed in SiC [2]. Numerical simulations have
proved that SiC MGThas several advantages over SiC IGBT, since it combines an n-channel
turn-on MOSFETwith an npn bipolar transistor, as well as a turn-off MOSFET.The schematic
cross-section of the SiC MGTis shownin Fig. I .

The device is expected to have a wide Safe
Operation Area (SOA)as well as a fast switching time [2]. However, current state-of-the-art 4H-
SiC MOSFETSSuffer from high interface trap density and low inversion layer mobility [3],

making realization of a monolithic SiC MGTdifficult. In this paper, we have used a silicon

MOSFETdriving 4H-SiCBJTto form a hybrid MGTand have characterized its performance.
Theschematic ofthe hybrid MGTis shownin Fig. 2. Thebase current is provided by the turn-on
MOSFETGl, which is commercial silicon MOSFETECG2380with blocking voltage of 500V
and on-resistance of O. 15~. Asilicon MOSFETECG2984with 50Vvoltage rating wasused as
the turn-off MOSFETG2since high blocking capability wasnot required. The SiC BJTused in
this structure was epi-base, epi-emitter 4H-SiC BJTSdesigned and fabricated by Cree Inc. [4].

Thedevice has an on-resistance of l0.8m~•cm2andBVCEOOf 1800V.
Fig. 3showsthe forward I-V characteristics ofthe hybrid MGTstructure. TheMOSFETcurrent
IDS forms the base current to turn on the BJT. As expected, there is a turn-on knee in the forward
I-V characteristics, because the turn-on MOSFETGl, in between base and collector, prevents
the SiC BJTfrom saturation. The forward drop at 100A/cm2(-1 .4A) is about 4V. Themaximum
current is around 3A The breakdownvoltage of the hybrid MGTis limited by the blocking
capability of the silicon MOSFETG1

.

Fig. 4 showsthe turn-on transients of the hybrid MGT.The rise time for the hybrid MGTis -
1.Ous. Fig. 5showsthe passive turn-off as well as the active turn-off ofthe hybrid MGT.During
passive turn-off, the device is turned off by turning G1off to stop the base current, so the turn-
off recombination mechanismresembles an open-base turn-off of the bipolar junction transistor.

At 100A/cm2, the turn-off time is - 2.0us. The device can also be turned off faster by using the
turn-off MOSFETG2to shunt current. Fig. 6shows the turn-on and turn-off gate signals. The
two gate signals have an offset to prevent shorting. Fromthe active turn-offofFig. 5, the turn-off
time can be reduced to less than 0.5us
The hybrid MGTstructure is a voltage-controlled device with good current-handling capability
that circumvents the current MOSproblems in 4H-SiC. It is a good example of application of
SiC BJTSin powerswitching territory.

Acknowledgement:The authors gratefully acknowledgethe support ftom MUluof the Offrce ofNaval
Research (Grant #NOO014-95-1-1302)and NSFCenter for PowerElectronic Systems (Award #EEC-
9731677).
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Silicon carbide presents electrical properties suitable for manyapplications especially for high
voltage devices. 4H-SiC p+nn+ structures have been fabricated following MediciTMsofiware
simulations in order to sustain voltage as high as 6kV. In particular, these diodes are realized

by surrounding the emitter by a p-type region called JTE (Junction Termination Extension).
Thep+ region andJTEwere formed by multiple aluminumimplantations at roomtemperature

on n-type epilayer (40 um-lxl015 cm~3), followed by a thermal annealing at 1700 'C during
30 min. Current-voltage (1-V) characteristics at 300Kshowgoodrectifying properties. Under
reverse bias in air ambient, the curve presents two distinct zones (Fig. 1).
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Fig. l: Reverseelectrical characteristics measuredat 300Kin the air of diodes with
JTE. Several bias sweepsare presented for each diode. Theorder of appearancein the

legend corresponds to the order of I-V measurementperformed on each diode.

In the first part of the initial characteristic, the current remains weakup to reverse bias.VR =
200 V. Beyondth.is voltage, the current rises quickly until VR= 400 V and saturate in the

range [l04- 10~3] A/cm2. WhenVR> 500 V, the electric arc between the anode contact and
either the etched area of the sampleor the moralization begin to appear. This secondpart of I-

Vcurve is not reproducible. During the second measurementin the frrst part, weobserve an
increase in the current. For the second part of the characteristic, wenote that for a same
voltage the measuredcurrent is weaker. Those results are completed by I-V measurements
performed in SF6ambient under small overpressure. In these conditions weobserve the same
behavior than in the air ambient. However, Iuminous white points in the emitter periphery

accompanythe electric arcs. Towards2000 V the arcs involve the diodes breakdownwith

JTE. For the diodes without junction termination the maximumbreakdownvalue reached is

1400 V. A Iuminous white points indicate the presence of a high electric field at this place.
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This result is confirmed by comparing OBIC(Optical BeamInduced Current) measurements

on diodes with JTE. Nophotocurrent is detected on JTEposition and an OBICsignal peak

emerges at the emitter edge for VR-- 300 V (Fig. 2). OBICmeasurementsperformed on
diodes without JTE (Fig. 3). WhenVR= 300 V, wesee a photocurrent peak at the edge of
junction. Thoseresults indicate a presence of high electric field at this place. It meansthat the

JTEare not completely effective. Thepresence of high electric field to this voltage lets think

that there are positive charges on the SiC surface which induce a degradation of the JTE
performances. The instabilities of current noted during I-V measurementscould confirm these

assumptions. Thesemeasurementscompleted by OBICmeasurementat several wavelengths

and with high voltage will be analyzed in the full paper. The role of electrical activation of

aluminumandsurface effects will be discussed.
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Fig. 2: OBICmeasurementsperformed on diode with JTEat ~= 363.8 nmwith P,pt = 1
W/cln2 for different reverse voltage.
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The objective of this work was to use irnplantation process to form a two side highly doped
pmjunction (figure I)in order to obtain aZener effect. In the fabrication process weused 6H-
SiC substrates Ntype 0.043 ohm.cm(4el8 cm~3) from CREE.Weperformed a multiple A1
implantation through a masklayer using 6 energies ranging from 330KeVto 2000KeVand
two implantation temperatures (room ternperature and 305'C)

.
The total inTPlanted dose was

5.39el5 crrr2 and a square box profile with a plateau chemical concentration of4el9 cnf3 was
expected. Theperipheral protection wasmadeby mesaetching and the contact wasmadewith
an amealedTVNimetal layer.

Implantation and activation properties have been studied by physical (RBS, SIMS) and
electrical (TLM, Van DerPauw) characterisation. MESAdiodes have bcen characterised
electrically measuring their static I-V characteristics

.

In figure 2 we represented the I-V
curves of the diodes irnplanted at RT(sample S105) and 305'C (sarpple SI04) for different
contact aunealing temperature. Before contact annealing, there is a significant difference in
current capability bctweensamples implanted a roomtemperature and at 305'C. After contact
annealing at 900'C, the linear region of the I-V curve is sirnilar for both samplesbut the series
resistances are still lower for the 305'C implanted sample. Whenoperation temperature is

increased, the diode behaviour exhibits the standard decrease of the offset voltage and
increase of the current for a given on-state voltage (figure 3). In the reverse mode, the diodes
behaviour is particular due to the inherent structure the junction: N-side of the junction
(substrate) is doped 4el8 cm~3 and the irnplanted P-type doping (extracted from TLM) is

3.35el8 and 6.3el8 cm~3for RTand 305"C implantation, respectively. With these high doping
levels, Zener modeconduction (tunnelling leakage currents) can bc expected whenthe diode
Is reverse biased. In figure 4the reverse I-V curves of a 305'C implanted diode are presented.
Wecan infer three conduction regions in the reverse mode. Upto 8V, a frst leakage current
region similar to standard reverse biased pn diode dominated by generation/recombination
currents is observed. From8to 42 Vwecan note a frst increase ofthe leakage current. This
leakage current is a tunnelling current as was confirmed by numerical simulation. A second
change in the currcnt slope is observed at 42Vbut it is not clear that a complete avalanche
process is responsible for this current increase, unlike simulations are predicting. Figure 4
showsthe reverse I-V curves of the diode for 4consecutive measurementsreaching a current
of 0.1 A, corresponding to a current density of 150A/cm2. There is no destruction nor
degradation of the device and the I-V curves are very repetitive. This seemsindicate that the
reverse current flow is taking place through the plane area of the junction and not on the
border of the device. This has to bc confirmed by OBICmeasurements. This bchaviour is

absolutely necessary to use the diode as aprotection device.

Whencomparing the reverse characteristics of RTand 305*C implanted diodes (figure 5) weobserved that the leakage current is higher for RTimplanted diodes at low voltage bias (O to
8V). This behavior has to bc checked. It could be due to ahigher quantity of defect, especially
in the junction region. The influence of the contact annealing on the reverse current shown
that the leakage current decreases at low voltage bias after aunealing at 700~C. It is possible
that defects havebcen removedby the contact amealing process.
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Silicon carbide is apromising wide bandgapsemiconductor material for high powerapplications

requiring operation at high temperatures. Despite considerable progress in fabricating high power
and high voltage SiC devices by CVDmethod, the problems with reducing defect density
(micropipes) in SiC epitaxial layers and with increasing device lifetime (degradation of device
characteristics connected with deep traps) remain critical tasks. Recently, it has been
demonstrated that the micropipe defect density it is possible to reduce using the LPEprocess. It

was found that the SiC epitaxial layers grown by LPEhas the lower deep trap density in

comparing with SiC epitaxial layers grownby CVDmethod. Theobjective of this research is to
fabricate 4H-SiCpn diode using LPEmethodfor high powerapplication.

4H-SiC pn diode consisted from four epitaxial layers was grown by LPEmethod. First, a n -

layer was grown. It serves as the layer for closing micropipe defects that usually exist on
commercial substrates. The n+-layer was deposited on (OOO1)Siface of the commercial 80_off

axis 4H-SiC substrates. The thickness of the n+-layer was about 10 um. Anundopedn0-1ayer

was deposited on the n+-layer. The thickness of no-layer was found to be 10-15 um. Nd-N*
concentration in this layer wasdetermined to be (9> I015

~ 3x I016) cm~3for different samples. Al
dopedand A1 heavily dopedepitaxial layers were grownon no-layer in that order. The thicknes s
of Al dopedlayers was(1 .0~1 .5) and (2.0~2.5) micron for p+-layer and p-layer, respectively. N**-

Ndconcentratron mthe p layer wasfound to be (3 6)x IOlg cm~3. TheNAI concentration in the p'-
20layer wasdetermined using SIMStechnique to be 3xl019-2x IO cm~3.

Lowresistivity ohmic contacts to the both n- and p+-sides of the diode have been formed. An
AISi(20/0)Ti(O. 150/0) alloy has beenused as a p-type contact to the LPE4H-SiC Iayer. The metal
film with a thickness of 100 nmwasdeposited by an e-beamevaporation in vacuumof lxlO~('

torr. The AISiTi contact was formed in a resistance furnace in an argon atmosphere at 900 ~C.

After annealing a reproducible contact resistivity of 8xl0~5 ~.cm2has been measured. After the

contact formation Au was deposited as a top layer. The ohmic contact to n-side was formed
using Ni. A 100 nmthick film wasalso deposited by e-beamevaporation at the sameconditions.

The annealing has been performed at temperature of 950 'C and a contact resisitvity of 5xlO~'

~.cm2 has been obtained. After the ohmic properties formation an additional contact film
consisted of subcequently evaporated Ti/Pt/Au layers was deposited to improve the backside
metallization. The thermal stability study of the both contact types established that they were
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stable during the long time ageing at a temperature of 500 oC in nitrogen and in operating

temperatures up to 450 oC in air.

Thediode chip wasattached to the gold-plated MoCu-baseplate of the ceramic packageusing a
high temperature eutectic Au(880/0)-Si(120/0) alloy. The contact pads on the diode top side were
connected •to the package lead by a gold wire. The electrical measurementswere madeup to

300 "C without degradation of the packageddiode.

The forward I-V characteristics measuredat high current density up to I .5xl03 A/cm2 were
studied at different temperature. The reverse I-V characteristics showedan abrupt breakdownat

voltage about 500 V. It was found that the breakdownelectrical field for the pn junction was
-1 .3xl06 V/cm. TheC-Vmeasurementswere performed at different test frequencies of IOkHZ
and I MHz. The impurity concentration Nd-Nawas uniform and did not depend on test

frequencies indicating on low concentration of deep traps in n0-1ayer. The C-Vdata indicate an
abrupt pnjunction. Thevalue of built-in potential wasdetermined to'be about 3.0 eVthat is close

to theoretical value for 4H-SiCpn structure dopedwith nitrogen andaluminum.
Electrical characteristics of 4H-SiCpn diodes will be reported in detail.
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There are several reports on the RIE (Reactive lon Etching) process of SiC wafers using

the CHF3as a source gas with additional H2 Or 02 gas for the improvement of etching

characteristics. It is knownthat the addition of H2gas in the CHF3can significantly reduce

the amount of residues on the surface of etched SiC. However, the etching rate of the

processing is knownto relatively low. When02 gas is employedinstead of H2gas with CHF3,

the etching rate can be enhanceddue to a selective etching of Ccomponentin the SiC, but the

surface roughness of the etched surface is knownto increase due to the formation of residues.

In this paper, we report on the RIE etching process of 4H-SiC wafer using the CHF3102

mixture with a consecutive 02 plasmaetching process. It wasfound out that the etching rate

is enhancedby the addition of 02gas into CHF3,while the surface roughness is significantly

improved by the post 02 plasmaetching. SiC wafers with an n-type epitaxial layer grownon
highly dopedn-type 4H-SiCsubstrate were used for the RIEprocess. Theetching rate for the

RIE etching using the CHF3/02mixture was found to increase from 500 A/min to 710 A
/min whenthe RFpowerwasincreased from 100Wto 400W(Fig.1(a)). The etching rate is

also increased from 350 A/min to 600 A/min whenthe gas pressure is increased from 60 to

240 mtorr at the RFpower of 240 W(Fig.1(b)). The surface roughness of the 4H-SiC after

the RIE with the CHF3/02mixture without the post 02 plasma etching wasmeasuredto be

about 5.0 A.
The roughness wasfound out to be decreased downto about 1.2 A whenthe

samplewasaccompaniedwith the 02plasmaetching after the RIEwith the CHF3/02mixture

(Figure 2). The SEM(Scanning Electron Microscopy) analysis showedno evidence of

formation of a trench which is generally induced by the excessive flow of ions reflected from

the etched surface. It wasconcluded that the RIEetching process using the CHF3/02 mixture

with a consecutive 02 plasma etching process results in a promising etching characteristics

for the fabrication of SiC devices.
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