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Silicon carbide (SiC) single crystals, apromising material for hig*h powerand high temperature
semiconductor devices, still suffer from crystallographic defects, so-called "mlcropipes. "

Micropipes are knownto be hollow defects aligned along the growih direction ofthe crystal.

As they penetrate the entire crystal, they are a slgnificant problem in growing high quality

SiC single crystals, since they become"killer" defects ifthey intersect the active regions of

SiC devices. Theorigin ofsuch hollow defects wasproposed by Frank [1] whoconsldered

dislocations with an extremely large Burgers vector. Ifthe Burgers vector of a dislocation

exceedsa critical value (approximately 2nm), then it Is, due to large strain energy,
energetically favored to removethe core material and to produce an additional surface in the

form of microplpe.
,

Themagnitude of the Burgers vector ofmicropipes in SiC crystals ranges from 2to greater

than 10 times the unit c lattice parameter_ In principle, adislocation with aBurgers vector of

multiple unit cell size b=nc is energetically unfavorable comparedto a distrlbution ofrl

elementary dislocations with aBurgers vector b=c. Thus, if a screw dislocation with a
Burgers vector nc (super screw dislocation) exists, it would tend to dissociate into n separate

unit c screw dlslocations. In other words, screw dislocations with the same-sign Burgers

vector repel each other. However, super screw dislocations (micropipes) are easily produced
in SiC crystals and stably propagate during crystal growih. Theseexperimental observations

are not satisfactorily understood yet, and howdislocations are broug"ht together to produce
micropipes and whysuch super screw dislocations are stable In SiC crystals are still puzzlin."

questions.

In thls paper, wepropose amicropipe formation modelvia surface step interaction, where
the stron." repulsive interaction betweensurface steps on the SiC(OOO1)surface is a major
driving force for coalescing unit cell size screw dislocations.

There are three elements that are necessary for this mechanismto be operative. First, a
high density of screw dislocations is neededto feed the process. Micropipes are very often

observed at the foreign polytype and secondary phase inclusions during growih, wherehigh

density screw dislocations are introduced. Second, a large repulsive interaction between
surface steps is required for the coalescence ofunit c screw dislocatlons_ This is explained by
the large step height and stiffness observed on the SiC(OOOl)surface [2]. Flnally, once
micropipes are formed, they need to stably propagate in SiC crystals. Spiral growih
mechanismensures stable lateral advancementof steps of multiple unit cell height, which
kinetically prevents the dissociatlon ofthe bunchedsteps and thus prevents micropipes.

[1] F.C. Frank, Acta. Crystallogr. 4(1951) 497,
[2] N. Ohtani, M. Katsuno, J. Takahashi. H. Yashiro, M. Kanaya, Phys. Rev. B59 (1999)

4592.
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1Introduction

6H type SiC, which is knownas a wide gap semiconductor, is recently taken
notice as substrates for GaNand SiC epitaxial layers. Their applications of optical and high
frequency devices require high quality substrates with high and low-resistivity, respectively.

In this research, wemade2 in, high quality 6Htype SiC bulk single crystals by
the sublimation method, and successfully controlled their conductivities

2. Experiments
Bulk smgle crystals were grown by the sublimation method. The crucible

assembly consisted of a graphite support to which the seed crystal was attached and a
graphite crucible containing the source powder. Mirror-polished SiC wafer wasused as the
seed crystal. The seed crystal and the source powder in the crucible were heated between
2200~C and 2400~C in the aimospheric pressure of inert gases. During the crystal

growih, total pressure was I - IOkPa, and nitrogen gas was introduced into the furnace as
the dopant for the crystal with low resistivities

.

3.
Results

Wesuccessfully made2 in N-dopedand undoped6H type SiC single crystals.

Fig.1 shows N-doped and undoped 2in 6H-type SiC. Wemeasured the electrical,

crystallographic and thermal characteristics.

(a) (b)

Fig.1 (a)N-doped and (b)undoped 6H-SiCwafer
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(I)Electrical characterization

The resistivities of N-dopedand undopedwafers, measuredon the van der Pauw
methodat roomtemperature, were 0.04 ~ • mand >I0= ~ • cm, respectively. Weconfirmed
that these values are low and high enoughfor optical and high frequency respective device

applications
(2) Crystallographic characterization

Weetched these wafer surfaces by molten KOHat 500 ~C
,

and observed them
by the optical microscopy. The micropipe densities of low and high-resisitivity wafers were
29cm~' and 22cm~', respectively.

X-ray diffi:action measurementwas conducted using a double-axis diffiacimeter,

where a four-crystal monochrometerwasused for CuK a I radiation. The rocking curves
of both low and high-resisitivity wafers showeda narrow single diffiaction peak with

FWHMof 34 arcsec at the center of each wafer. Weconfirmed that each wafer has low
dislocation densities and the low disorder of lattice arrangement.
(3) Thermal characterization

Wemeasured
500the thermal conductivity

_~of the undoped wafer 450 UndopedSiC
and the N-doped wafer, ~400 Cwhich were 471W/mK - 350
an d 42OW/mK ~ N-dopedSiC

' ~ 300 600Krespectively, by the ~:*

alternative optical 250 300

method at room Elo 200 Si
temperature ( 300K)

. ~ 150 GaN
These are above that of ~100
Cu (400 W/mK)and ~ 50
as high as the value ever ~ O

Sapphre
reported on the 2 in

3.5wafer grown by the 32.521.5

seeded sublimation Tenperature 1000/T [1/K]
method. Fig.2 showsthe

Fig2 Temperaturetiependence oftbermal conduotivity
temperature dependence
of the thermal
conductivity. At 600K, the thermal conductivity of the undopedwafer and the N-doped
wafer were 190W/mKand 21OW/mK,respectively.

Whenthe temperature was raised, the thermal conductivity of the 6H-SiC with
low-resistivity came to exceed that of the 6H-SiC with high-resistivity. In the thermal
conductivity model, there are two mechanisms,which are due to the lattice vibration and
the free electron. In general, the thermal propagation by the lattice vibration becomes
predominant at the low temperature and the thermal propagation with the free electron

becomes predominant at the high temperature. The nitrogen impurities in 6H-SiC
promotes the thermal propagation with the free electron though suppresses the thermal
propagation with the lattice vibration. Therefore the thermal conductivity of N-dopedSiC
has less temperature dependency and is even higher than that of undoped SiC at high

temperature.

4. Summary
Wesuccessfully made6H-SiC with high thermal conductivity and confirmed that

they had low dislocation density and low disorder of lattice arrangement.
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Silicon carbide (SiC) power devices are expected to reduce energy loss of the electric

power converter dramatically. The improvement of the quality and the enlargement of SiC
substrate are problerns for practical use of the SiC power devices and their applications.

Single crystal growih of a high quality and large diameter bulk SiC is the technological point
for the above problems. Single crystal of the bulk SiC has been grown by modified Lely
method(sublimation method) [IJ.

Enlargement of single crystal from small seed crystal has
been investigated using the modified platform on which the seed crystal wasattached [2]. But

wefound that the quality of the single crystal wasdegradedby polycrystals grownaround the
single crystal. In this work, wenewly developed the inner structure ofthe crucible in order to

enlarge the single crystal without polycrystal around it. The effect of the growih parameters

on the shapeand the quality of the crystal wasinvestigated.

SiC bulk single crystals were grown in an RFinduction furnace. Aninner guide-tube in the

shape of a hollow truncated cone was installed betweena seed crystal and source material. It

was supported on the inner wall of a cylindrical graphite crucible. (Fig.1) This guide-tube
functioned to control flux of sublimation gas from source material and formed a growih space
separated from the polycrystal and the extra space. The geometrical parameters of the

guide-tube are shownin Fig.1
.
The temperatures of the top andbottorn ofthe crucible were in

the range of 2150-2250'C(Tt~p,Tb~tt~*). Since the temperature of the guide-tube(Tg) was
important for the crystal growih, Tg Wascontrolled indirectly changing the RFcoil position

and/or the geometrical parameters of the guide-tube. Theeffect of the growih conditions such

as the geometrical parameters and temperatures on the shape and the quality of the grown
crystals wasexamined. In comparison, crystals were also grown in a simple crucible without
the guide-tube. The crystal quality was characterized by polarizing microscopy and X-ray
to pography.

A crystal ingot grown in the crucible with the guide-tube is shownin Fig.2. The single

crystal was successfully grown separated from polycrystal. The ratio of the growih rate of
single crystal and polycrystal wasthe range of I . 5-4 depending on the growhparameters and
typical value wasaround 2. That ratio was0.7-1 in the case ofgrowih without the guide-tube.

This meansthat the guide-tube enhanced the growih rate of the single crystal relatively

comparedwith that of the polycrystal by controlling flux of sublimation gas. It is possible that

the single crystal is grownseparated from polycrystal selecting the height of platform(H), the

gap between the platform and the guide-tube(xy) and growih time. The broadening angle of
the single crystal could also be controlled by changing the taper angle of the guide-tube(6)

and the angles in the range of 0-30' were practically obtained. Crystal defects such as crack,

subgrain boundary and macrodefect were drastically reduced comparedwith that of the

crystal grown together with the polycrystal. X-ray topography images of the single crystals
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with and without the polycrystal are shownin Fig.3. Misoriented areas in the periphery were
observed in the both crystals but the patterns were different. The periods of the patterns was
larger in the crystal without polycrystal. There still remained misoriented areas even though
the effect of the polycrystal vanished frorn the single crystal. This would be due to the thermal

stress and/or the high enlargement rate as discussed by Bakin et al in Ref.[3]-

In conclusion, the single crystal wassuccessfully grownseparated from polycrystal using a
newtype of crucible with an iuner guide-tube. Consequently, the quality of the grown crystal

was improved. High quality and large size bulk SiC is expected to be produced by the present

method.
This work is financially supported by METIpartly through NEDO.
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[3] A.S. Bakin, S.1. Dorozhkin, A.O. Lebedev, B.A. Kirillov, A.A. Ivanov andYu.M. Tairov, J,
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Various defects which exist in a substrate are taken over to epitaxial film and they

have a bad influence on electronics devices. [1] [2] Consequently the performance of
electronic devices are not enough.

In order to reduce these defects, it needs to analyze them in detail and obtain a
detailed information of these defects. However, as the conventional crystal madeby the

sublimation methodof defect density wasvery high, their detailed information wasnot able to

be obtained. In this study we grew the low defect density SiC crystal by the sublimation

method, andwereport the defect of the crystal.

The crystal wasgrown by the sublimation methodthat utilizes the lely crystal as a
seed crystal. The source waspolish abrasive powder of #240. The seed crystal and source
powderwas installed in the graphite crucible, and wasoverheated to 2200 degrees C. The
atmosphereof growih system wasargon at 13.3kPa. Growthwasperformed on Si-face. The
optical microscope observation, X-ray topograph, and the etch pit observation by KOH
etching wereperformed for the crystal evaluation.

The polarizing microscope photograph is shownin Fig. I .
Themicro pipe could be

confirmed by interference pattems observed by photoelastic measurementsunder the crossed

polars condition. The sample shownin the photograph has contrast with the uniform whole
surface, we don't observe interference pattern by photoelastic measurements. Hence this

crystal does not have a large strain and there is no micro pipe.

The result ofsection topograph wasshownin Fig.2. Thedirect imageanddynamic imageby
defects wasobserved in the section topographic image. Thedirect image that is black point is

mainly edge dislocation. And the dynamic image that is white diagonal line seemsto be
stacking fault. Pendell6sung fringes is also observed. It meansthat the crystal quality is very
high.

According to the etch pit observation by KOHetching, the etch pit density was4xI03cm~1and
there wasno deviation in a distribution of etch pits.

This workwasperformed under the managementof FEDas a part of the METI
Project (R&DofUltra-Low-Loss PowerDevice Technologies) supported byNEDO
Reference
[1j Philip G. Neudeck, Mater. Sci. Forum, 338-342(2000)1161.
[2] Q. Wahab,A. Ellison, A. Henry. E. Janz6n, C. Hallin. J. Dl Persio

andR. Martinez, Appl. Phys. Lett. 76 (2000) 2725.
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Fig.1 High quality SiC crystal of

polarizing optical microscope image

240 /1 m

Fig.2 (ll-20) Section topograpfs of

SiC crystal by sublimation method.

MoKoe radiation. Sample thickness

of 270um
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Modernsemiconductor industry yearns for Silicon Carbide (SiC) monocrystalline substrates

because its unique electrical and thermal properties. SiC single crystal substrates are wanted
for electronic devices (such as HFtransistors, power rectifiers, high temperature sensors and
controllers, etc), as well as for opto-electronics because SiC appears to have a very low
mismatch of lattice parameters with basic active opto-electronic materials. It is common
sense that an industrial scale SiC electronics starts as soon as market offers 4-inch diameter
wafers with low defect density at reasonable price. Peculiarities (high temperatures, spatial

and temporal instabilities of gas/vapor distribution, existence of porous graphite elements in

growth zone, intricate temperature distribution in the growth chamber)of sublimation method
of the crystal growth make this task at least very complicated one. To challenge this

requirement Sterling has developed a proprietary technology that provides the feasibility to

increase the grownboule diameter without deterioration by macrodefects. As far as the boule
enlargement is concerned, a proper choice of a ratio betweena vertical and radial components
of the temperature gradient is critical to this process. Therefore the boule diameter has been
realized through the development of proper technology for gradual increase of the grown
crystal size and the design of a specific crystal growth chamber.

Macrodefects and imperfections in bulk SiC single crystal destroy the crystal quality. Crystal

perfection is a critical issue for device performance, as in manyapplications the functional

capability of the electronic device is limited by the size of the defect-free area. Theaim is to

eliminate or to reduce the defect density to the lowest possible level. Macrodefects include

micropipes, Iow-angle-grain-boundaries, hexagonal voids, foreign material inclusions, and
other attributes such as lattice/wafer bending originating from lattice distortion. It was
observed that the defective portion of the crystal boule correlates strongly with quality of

growth in the near-seed region. The seed attachment and treatment are factors playing the

main roles in the defect generation. Therefore, the seed treatment, type of attachment of the

seed, seem to be the crucial factors connected with effects taken place at the interface

between the seed and seed attachment. Other factors having an impact on the increase of the

defect-free region are the seed polarity (Si or C-face), seed quality, and source material.

Methodsof statistics and design of experiments were explored to clarify factors influencing

the crystal quality. NowSterling produces 2"-diameter SiC wafers with less than 7
micropipe/cm without other macrodefects, and a radii of wafer lattice curvature exceeding75

m. On its way to 4" diameter wafer commercial production, Sterling has demonstrated
successful R&Dgrowth of the single crystal boules of 92 mmdiameter (See Fig. I as an
example).
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Fig. I Photo of Sterling's boule (after grinding)
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Recent reports on device degradation due to crystal mosaiclty (domain structure) in SiC
substrates have prompted interest in the origin and cause of crystal mosaicity in SiC crystals.

The present authors revealed in the previous report [1 Jthat the mosaicity originates in low
angle grain boundaries existing in SiC crystals. Lowangle grain boundaries are a critical defect

which prevents the implementation oflarg'e-size (~I cm~) SiC devices. Wehave found that

one of the major causes of low angie grain boundaries and the resulting mosaicity is the

inclusion offoreign polytypes during growih [1]. Thenon-basal plane interfaces betweenthe

different polytypes accommodatecrystallographic imperfections which relax into

polygonized low angie "grain boundaries during ~?Orowih.

In this paper, an experimental investigation ofthe crystal mosaicity in SIC crystals *oyown
by the physlcal vapor transport (PVT) methodis presented. Weinvestigate howthe

mosaicity in SiC crystals evolves during PVTgrowih. High resolution x-ray diffractometry

(HRXRD)wasemployedto examinethe reiatlve misorientation betweenadjacent domainsas

well as elucidate the formation mechanismof crystal mosaicity in SiC crystals.

6H- and 4H-SiC crystals were grownalong the [OOOl] and [1 120] directions by the PVT
method, and the growncrystals were sliced into wafers having (OOO1), (1 100) and (1 120)

orientations. HRXRDmeasurementswere performed using adouble-axis diffractometer,

wherea four-crystal monochromatorwasused for CuKal radiation. Analysis ofx-ray rocking

curves wasused to quantitatively assess the lattice misorientation. In these experiments, the

symmetncreflectlons ofO004 O006 1120 and 3300mthe rocking curves for 6H- and 4H-
SiC crystals were acquired.

For the vertically sliced wafers along the growih directior~ the Incident plane waschosen
either parallel or perpendicular to the growih direction. Analysis of such wafers showedthat

the domainstructure wasgrown-in and originated in the seed crystal. Wehave examined

polytype-mixed SiC crystals, e.g. 6Hinclusions in 4H-SiC crystals. A series ofrocking

curves were measuredfrom vertlcally sliced wafers from such crystals, where the shapeand

width ofrocking curve varied for different diffraction scans along the growih direction. The
rocking curves with the incident plane parallel to the growih directlon showedanarrow single

diffraction peak across the wafers, while the ones with the incident plane perpendicular to the

growih direction exhibited a broader peak and often split Into multiple peaks as the scans

went far from the near seed polytype-mixed regions.

Thepolytypic inclusions would result In stresses due to the dlfferences in the lattice

constant and the coeffircient ofthermal expansion betweendifferent polytypes. During

growih, the stresses are released by the introduction of dislocatlons, which are further

activated to glide and climb in the crystals to minimize their total strain energy by aligning

themselves along I IO0>, forming low angle grain boundaries.

[l] M. Katsuno, N. Ohtani, T. Aigo, T. Fujimoto, H. Tsuge, H. Yashiro. M. Kanaya, J
Cryst. Growth216 (2000) 256.
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Recent progress in SiC sublimation growth technology basedon the modifiedLely method

has spurred both a reduction of defect densities in SiC wafers and an enlargement of the wafer
diameter. 4 inch-diameter 6H-SiC wafers have already been demonstrated, and remarkably
smaller values of the micropipe density of the order of have been achieved for

commercial 2 inch-SiC wafers [1]. A key for further development of device applications

exploiting the attributes of SiC is to establish the control of optimumSiC growth with higher

accuracy, which could be a path to larger SiC wafers of muchimproved crystal quality. In

Nippon Steel Corporation, continuous challenges for fuller understanding of the growth
mechanismhave enabled us to accomplish the industrial production of SiC wafers with extremely
low mosaicity over the whole wafer area [2j, and further active R&Dsfor the realisation of
commercially-available 4inch single crystal wafers are nowunderway.

Unwantedturbulence in optimumSiC growth still sometimesoccurs, causing fatal failure in

obtaining single crystal SiC ingots. A typical example of such flawed ingots is the multi-

domained ingot in which large SiC grains are formed with their crystal directions strongly

misoriented with regard to the SiC matrix. Similar multi-dom~ined crystals have been reported

by Tuominenet al. [3], suggesting that microcavities or micropipes created due to back-side
evaporation could be responsible for such grain f'ormation. Rost et al. [4] have pointed out
another possibility that carbon inclusions could also cause the misoriented grains. Intense
analyses of the multi-domained ingots wehave obtained so far have been carried out in order to

understand the generation mechanismof the misoriented grains, and the results obtained are
presented in this paper.

Particular interest is to be addressed to our experimental fact that almost all the misoriented
grains in the flawed 6H-SiC ingots we studied in this paper have the 4H polytype structure.

Detailed analyses of the grains by meansof X-ray pole figure measurementshave suggested that

the crystallographic direction of the grains has apparent correlation with that of the 6H-SiCmatrix.
Microstructural investigations have clarified that there exists a band region consisting of
randomly-distributed fine SiC inclusions of around several tens um in diameter. Raman
analyses using a conventional Ramanspectrometer are nowunderway for the detailed polytype
identification of the inclusions. Although the formation mechanismis still in debate, wesuggest
that, upon the fact that the misoriented grains start from this band region, the inclusions observed

are likely to be embryosof the misoriented grains, and someof which grow faster to become
larger in the subsequent PVTgrowth.

[1] S. G. Muller, et al., Jou,rnal of Crystal Growth, vol. 211, pp.325, 2000.
[2] N. Ohtani, et al., Ist International Workshopon Ultra-Low-Loss Device Technology

(VPD2000)Crystal Growth, Nara, 2000.
[3] M. Tuominen,et al., Materials Science and Engineering B, vol. 57, pp.228, 1999.
[4] H.-J. Rost, et al., Journal of Crystal Growth, vol. 225, pp.317, 2001.
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Growih rate is one of the primary factors determining the crystal morphology and the

density of defects in SiC crystals grown from vapor phase. It has been indicated [l] that there is

an upper limit of the growih rate at which formation of inclusions, bubbles, veils, pipe-like

channels, ttvinning and misoriented regions occurs in the growing boule of SiC. Therefore,

defects in SiC are closely related to the growih rate value and the magnitude of temperature
gradients in the crystal. Ourexperimental observations of SiC crystals grownby PVTtechnique

showthat majority of the defects listed above are located near (-2 mm)to the seed. As growih
proceeds the defect density reduces. It has been found that the transition layer thickness reduces
for a low axial temperature gradient condition. This resulted in the defect density reduction

within the transition layer and SiC wafers production having micropipe density The
analytical study presented here describes dynamics of the growih process at the initial stage of
crystallization.

The source/seed temperature difference AT= (TV -
Ts) as well as the pressure in the

system, are the mainparameters that determine the growih rate via vapor flux intensity across the

source/seed gap in the crucible (where Tv Is the sublimation temperature of SiC source material

and T~ is the temperature at the surface of growih). The massconservation law applied to the

total vapor flux is a fundamental relationship used for growih rate calculations: dS/dt = ~ • F (~
is the volumeof SiC molecule; Fis the total flux containing all the SiC vapor components[1,2])

However, the phase transformation heat released at the growih front and the heat radiated from
the intemal surface of the masstransport gap in the growih cell will also affect the dynamicsof
crystal growih. There is evidence [l] that inefficient heat dissipation in the growing crystal limits

crystallization even at the initial stage of growth, whenthe crystal thickness is relatively small,

S(t) = I .O mm.To maintain a necessary growih rate, an appropriate intensity of heat dissipation

through the crystal volume must be ensured. In this case the Stefan's condition defines the

correlation between heat balance at the surface of phase transformation and the appropnate
growh rate: ;L•V~s = AH•r dS/dt + Q(where ~is the thermal conductivity of SiC; V~s is the

temperature gradient in the crystal; ~! is the enthalpy of crystallization; yis the density of SiC
and Q= Qv+ Qwis the total amountof heat absorbed by the growing surface (QV- from the

source top surface andQw- from the walls of the masstransport gap). Both theses factors (vapor
flux intensity and heat dissipation through the crystal) will simultaneously define self-consustent

thermal conditions at the surface of phase transformation that determine dynamics of crystal

growhduring the entire time of the process.
To enable direct analytical analysis of the growih dynamics, dependent on mass(vapor)

transport and heat dissipation, the rate of growth must be expressed in terms of mass/heat
transport parameters. This can be doneon the basis of a solution to the massconservation and the
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heat balance equations, resulting in an expression of the growih rate as a function of the

instantaneous thickness of the growing crystal
. () (1)dS/dt

* ~•e'ATc 'G S,

whereG(S) = (1
-

u'S)/(1 + 11'S), Il =
2•~•Qw/ATG'(gl;)1/2 and 17 = 2•9~'(Qv +AHLY'~'O)/(gl;)1/2 The

uand ,? Parameters determine the maximalpossible thickness of the crystal and the dynamics of

growth; ATG= (TV - Tc) is the temperature difference between source and backside of the

crystal; O~ Pv ' W/R' T2 .p, wherePvis equilibrium pressure in the crucible at the temperature

of sublimation Tv, Wis the activation energy of SiC sublimation [3], R is the universal gas
constant, Tis the average temperature in the crucible; p= AT/RD,RDis the diffusive resistance of

the growih cell. As is clear from (1), the growth rate has its maximal value at the initial stage of

growth that is determined only by masstransportation conditions dS/dt ~ ~'O"ATG, (TS = Tc at

S*- O), Further, the growth rate decreases with increasing crystal thickness, approaching zero
whenu'S - I .

Furthermore according to (1), the maximal thickness of SiC crystal, which is

possible to obtain at a given thermal condition, is proportional to the temperature difference in

the crucible ATGSM" ATG(gl;)1/2/2•~'Qw. The dynamics of growth rate variations is mostly

determined by the dimensionless parameter ,7 = 2•~'(Qv + AU•Y'Q'e)/(gl;)1/2. As follows from this

formula the parameter 11 is the function of the vapor flux intensity, Q'O. Hencethe vapor flux

intensity does not have a significant influence on the growih ratedS/dt
,
and the influence of heat

dissipation becomesdominant, whenthe crystal thickness is sufficiently large. If during agrowih

processes the temperature difference ATGis maintained constant (the source temperature Tv as
well as the crystal backside temperature Tc are strictly controlled), the temperature at the surface

of phasetransformation will asymptotically approach the temperature of sublimation.
Ts(S)= Tv ~ ATC'G(S). (2)

The growih rate can be stabilized at a given value V* for any crystal thickness by tailoring the

temperature (heat dissipation) at the crystal backside. As it follows, the temperature difference

ATG(S), stabilizing the rate of growih, is a linear function of crystal thickness:

ATG(S) = Vo/x +
((Vo /x)•

11 +
co)' S,

(3)

whereX= ~ ' Oand co = 2•9t'Qw / (gl;)1/2. As can be seen from (3), the latent heat of crystallization

becomesdominant and defines the heat balance conditions at the growth surface whenthe rate of

growth is suffrciently high (Vo /x )•
11 >>co

.

As a result of the increasing temperature difference ATG, one can expect corresponding
increase of thermal stresses in the growing crystal. A 2-D analysis showed that the axial

temperature disuibution is almost linear, and has no significant influence on the formation of
thermal stress in the crystal. Howeverthe radial temperature gradient is a primary factor in the

developmentofthermal stress that can lead to generation of dislocations in the crystal volume if

the stress exceedsolcRs ~ I Mpa,which is the critical resolved shear stress in SiC.

[1] D. Hofmann,R. Eckstein, L. Kadinski, MKolbl, MMuller, StG Muller E Schrmtt A
Weber,A. Winnacker, Mat. Res. Soc. Symp.Proc. Vol. 483 (1998) 301-306.
[2] D. Hofmann,R. Eckstein. L. Kadinski, M. Kolbl, M. Muller, St.G. Muller, E. Schmitt, A
Weber, A. Winnacker, Mat. Res. Soc. Symp.Proc. Vol. 483 (1999) 39-42.
[3] S.K. Lilov and I,Y. Yanchev, AdvancedMaterials for Optics and Electronics I (1992), 203-
207.
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Abstract. Semi-Insulating 6H-SiC wafers with room temperature resistivity data from
106 ohm-cmto 109 ohm-cmand greater are comparedwith Hall effect measurements.
The transport data observed by Hall effect are comparedto multi-point non-destructive
resistivity mapsof semi-insulating wafers. Ahigh degree of agreementis obtained from
non-destructive resistivity measurementsand Hall effect measurementson corresponding
regions. The spatial distribution and nature of the high resistivity behavior are also
discussed.

Resistivity vs. 1/T for Hall data and Non-
destructive Resistivity measurements.
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Amongthe commonSiC polyiypes, 4H-SiC is desirable for fabrication ofhigh powerand
high temperature semiconductor devices. Commercially available 4H-SiCcrystals are

grownby using the sublimation physical vapor transport technique. In sublimation
growth of SiC, 6His generally believed to be the most stable polyiype and4H-SiC
crystals grownunder certain growth conditions wereobserved to have6Hor 15R
inclusions. Thesepolytype inclusions in 4H-SiCcrystals are believed to be responsible
for generating defects, particularly micropipes, in the crystals and therefore they should
be eliminated.

Several recent studies on control of 4Hformation werepublished mthe literature [I ,
2].

Since each study wasdone in a somewhatunique sublimation growih enviroument, a
detailed investigation of our own4Hsublimation growth process will provide further

information leading to abetter understanding of4Hpolytype formation. In this

investigation, weexaminedthe influence of several growth parameters on the formation
of 6Hand 15Rpolytype inclusions in the sublimation growths that were intended to

produce 4H-SiCcrystals. Amongthe growth parameters, temperature, pressure and
thermal gradient were studied extensively. 6Hand4Hseeds of on-axis and off-axis types

wereused in the study. Onefocus ofthis study wason the effectiveness ofthe use of4H
seeds with off-axis angles up to 8' to control the formation of4H at the seed/newly-
grown-crystal interface regions in awaysimilar to the step-flow mechanismthat is used
widely in CVDepitaxial growth of4H thin films on 4HSiC wafers. To avoid the

interference of impurities with the growth parameters under study, ultra-high purity SiC

source materials, as well as graphite parts, wereused in all the sublimation growih
experiments. ThesampleSiC boules were sliced both parallel andperpendicular to the

growth axis for characterization. TheSiC boules under study weren-type dopedwith
nitrogen at concentrations of approximately 5el8 atm/cm3

.
In SiC crystals with such

high nitrogen doping concentrations, all three major polytypes, i.e. 4H, 6Hand 15R, in

the crystals can be identified by examination under an optical microscope becausethese

polyiypes appear in distinctively different colors. X-ray transmission Lauediffraction

technique wasalso used for the identification of polytype inclusions in the SiC samples.

Ourexperimental results suggested that, amongthe major growth parameters, the growth
temperature played the most important role. Underthe growth conditions in this study,

lowering growth temperature favored the formation of 4Hand increasing growth
temperature favored the formation of 6H, while within a range of growth temperatures,

4H, 6Hand 15Rmixedpolyiypes were frequently observed, particularly at seed/crystal
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interfaces. Whenon-axis seeds wereused, 4Hseeds seemedto help stabilized 4H
polyiype better than 6Hseeds. Onthe other hand, under the growih conditions that
favored 4Hgrowth for on-axis seeds, using 4Hoff-axis seeds essentially guaranteed a
uniform 4Hto 4Hgrowth at the seed/crystal interfaces. In figure I , two optical
micrographs of 4Hwafers containing the seed/crystal interfaces wereshownwhere (a)

the existence and (b) the absenceof 6H/15Rinclusions in 4Hcrystals were demonstrated.
Basedon the results ofthe current study, 4Hoff-axis seeds should be used in order to
achieve auniform 4H-t0-4H growth at the seed/crystal interface.

(a) (b)

Figure I .
Optical micrographs of4H wafers containing the seed/crystal interfaces show

that (a) the existence and (b) the absenceof 6H/15Rinclusions.

Details ofthe sublimation growth andpolyiype characterization results will be presented
and crystal defects, such as micropipes and grain boundaries, in the 4H-SiCcrystals

under study will also be analyzed anddiscussed

References
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Abstract

Thedevelopment of defects in SiC bulk crystals at the MLMgrowth is often caused by too

large axial temperature gradients in the growing crystal. The axial temperature gradient can

be decreased by optimisation of the graphite crucible or by changing the position of the

induction coil.

Additionally, a smaller seed temperature has the sameeffect, because the radiation heat loss

at the backside of the seed holder is proportionally T4. Furthermore, 4Hshould grow more

stable at lower temperatures.

This temperature influence wasused for the growth of 6Hand4Hsingle crystals under stable

conditions. The single crystals were grown with 30-36 mmin diameter and a micropipe

density between50-200 cm2. Ashort-time nitrogen doping markeddifferent growth sections.

The seed temperature was varied between 2050'C and 2250'C. The seed polyiype was

selected corresponding to the. wantedpolytype and cutted with 3.5' off for 6Hand 8' for 4H

to 120> orientation. To ensure the polytype stability the C-terminated surface was used

for 4H-crystals. 6H-crystals could generally be grown on both sides although a higher

polyiype stability on the Si-tenninated surface wasobserved.

The investigations of wafers and axial slices were realized by meansof microscopy in

polarised light, photoluminescence at room temperature, and Scanning Electron Microscopy

(SEM).

Decreasing the seed temperature macroscopic slits will be developed in growth direction

(fig.1,2). The lateral extension is orientated preferentially in - and -

directions
.
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Theorigin for such defects can be localized at other defects extended nearly perpendicular to

the growth direction. Examplesfor such source defects are lamellas of other polytypes (15R)

and anewkind of macropipeswhich are oriented vertical to the growth direction.

120> or

4

Fig.1: Sketch and micrograph of a macroscopic slit in SiC-crystals; 1- macroscopic slit,

2- needle like inclusion (1 5R), 3- seed, 4- bulk

As a first attempt of explanation the influence of the mechanically induced stress field on the

supersaturation can be used. In accordance with the argumentation in [1] a step train can be

blocked by a stress field elongated parallel or almost parallel to the surface. Following

growth steps cannot enter this step bunching like region. A stable slit is formed. Then a
,,Schwoebel effect" is responsible for the stable enlargement also in the growth direction [2].

Typically the size of slits is 3-100um in width and 2mmup to 15mmin length. This

geometryshowsa goodaccordance with the theoretical considerations.

The main responsibility of polyiype changes for the formation of the macroscopic slits is

shownwhenpolyiype changes are prevented by increasing the seed temperature or other

measures. Macroscopic slits are quite rare under such conditions.

[1] B. van der Hoek, J. P. van der Eerden, P. Bennema,J. Crystal Growth 56 (1982)

108- 124

[2] R. L. Schwoebel, E. J. Shipsey, J. Appl. Phys. 37 (1966) 3682
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Nucleation-induced stacking faults in PVTSiC Iayers grownon (OOO1)Lely seeds
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The structure of seed/crystal interfaces has been investigated by conventional and high

resolution transmission electron microscopy (TEM). 6H-SiC Iayers have beendeposited

by Physical Vapor Transport methodon high quality on- and off-orientation Lely seeds.

Growih experiments have been performed betvieen 2200 and 2300 'C with 20 "C/cm

axial temperature gradient and argon pressure between 10 and 500 Torr. The seed

surfaces have been etched in hydrogen in order to remove the residual damagedue to

seed surface polishing. Screwdislocation free Lely platelets have beencarefully selected

in order to eliminate step sources on the seed surface and force growih by two

dimensional island nucleation.

Cross-sectional TEMof seed/layer interface revealed presence of a band of stacking

faults (Fig. l) with thickness between I and 20 um. The total numberof faults in the

band was between 2 to 100. The stacking sequences of the faulted band have been

analyzed by high resolution TEMas a function ofgrowih conditions. With the increasing

growih rate and the silicon overpressure, the probability of cubic stacking is increasing.

Bandsof up to 6bilayers with the cubic stacking were observed. This stacking disorder

was interpreted as due to low stacking fault energy in SiC polytypes and 2D island

nucleation on step free seed surface.

Fig. I Stacking faults observed by TEMat the Lely seed-crystal interface.
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Afier island coalescence, different stacking sequences in neighboring islands are

accommodatedin the form of partial dislocations with the dislocation line in the basal

plane. Existence of both Shockley and Frank partial dislocations has been inferred from

the analysis of stacking sequences. A model of threading edge and screw dislocation

nucleation associated with the presence of stacking faults along the interface is proposed

3
6

3
6

3
5
3
3
3
3
3
3
2
3
3
3

30A

Fig. 2High resolution TEMimageshowingstacking disorder during 2DSiC growih
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Introduction

Physical Vaport Transport (PVT), Liquid Phase Epitaxy (LPE) and High Temperature
Chemical Vapor Deposition (HTCVD)are the main reported growth techniques for the

fabrication of bulk SiC single crystals. More recently, solid phase epitaxy has proved its

potential to process high quality bulk 6H-SiCbulk crystals [1].

In this paper, the solid phase epitaxial growth of different SiC polytypes is described and
discussed.

A single crystal seed of 35 mmin diameter and a 50 mmpolycristalline 3C-SiC wafer were
miror-polished and firmly assembled. Seedsof different polytypes has been used. The solid

phase epitaxial growth wasconducted in a graphite crucible heated at high temperature (2600
K) and for an argon pressure of 400 Pa. SiC powdersurrounds the crucible chamber. A thin

wall of porous graphite separates the chamberfrom the powder. Theother parts of the reactor

were kept identical as in our sublimation reactor [2]. In figure 1, the thermal fields in the

standard reactor used for PVTand the modified reactor for SPEare shown.
Seed

rap

Insulati n

.
Classical PVTset-up Modified PVTset-up for SPE

ion

Figure I : Thermal fields in the PVTreactor (right) and in the modified reactor for SPE(left).

Results anddiscussion

The results show that solid phase epitaxy has been effective for the growth of bulk single

crystals. The epitaxial alignment of the polycrystalline 3Cwafer in the polytype of the seed
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can be induced in the temperature and temperature gradient fields depicted in figure I and in

an ambiancecontaining Ar, Si2C, SiC2 and Si.

Milita et al. [3] have already analyzed by X-Ray synchrotron topography the solid phase
epitaxy process. In the classical PVTseeded technique, the SiC crystal growth occurs in two
distinct region. In its core, there is the main crystal which is of high crystalline quality and
grows directly above the seed. Around the main crystal, on the graphite lid, grows at first

small misoriented crystallites. The crystallites with a commonaxis and similar in orientation

to the main crystal grow faster at the expense of the randomly growing crystallites, which
finally disappear. The correlated crystallites finally are integrated into the main crystal. This
in situ solid phaseepitaxy allows the enlargement of the growing crystal. This phenomenonis
the driving force for the SPEprocess.

Conclusions

Wehave shownthat the recrystallization of polycrystalline 3C-SiC wafers can be induced
from single SiC crystal seeds by a solid phase transformation at temperatures above 2300K
and in an ambiancecontaining Si- and C- gaseousspecies. Therate of transformation is about
300 um/h. If the annealing time is prolonged, the crystal quality of the grown crystal

improves and the resulting epitaxial layer contained only a small amountof crystallographic
defects.
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In this study, we report on the dislocation and defects constraint in the initial SiC growih
using the etch back process by the modified Lely method. The seed crystals for the growih
were prepared by three kinds of 6H-SiC crystals. One is the as-grown crystal with 3mm
thickness developed by the Lely method, which has a shell like shape composedof (OOO1)
plane and hexangular pyramidal planes. Others are (OOO1)plate crystals with 0.5-7nun
thickness grown by the Lely and the modified Lely methods. The seed was fixed on the lid

(iplOx5mm) projected from the top to the inside of the carbon crucible, and the raw material
ofthe SiC powderwas filled in the bottom. In this structure, the seed crystal morethan 2mm
thick initially is etched back soon after reaching the general growih condition in the crucible.

The turning from the pre-growih etch back to the growih could be performed without
changing heating condition of the crucible. This process has been performed for optimizing
the surface condition on the seed crystal and effected on the dislocation and defects constraint
in the initial growih. Possible reasons of the etching mechanismand the defects constraint will
be discussed in the session.

Fig. I is an X-ray topograph obtained with g=1120 from the sectional specimenof the SiC
crystal grown by the modified Lely methodon a (OOOl) Lely plate seed crystal with 0.5mm
thick. As the seed crystal is less than 2mmthick, the pre-growih etch back process could not
be performed in this case. The crystal quality of the Lely seed crystal seemsto be perfect,

however, an intense broad line (A) on the interface between the seed and the grown crystal

and manyfine lines (B) elongated along the growih direction from the seed surface can be
observed. (A) showsthat the growncrystal layer is distorted by the high density of dislocation
Ll]. Onthe other hand, (B) showsstrain fields from line defects such as micropipes and screw
dislocations. It seemsthat the high density of dislocations are connecting each other during
the growih, and release stress as a result of their combination. If the stress is released
imperfectly, the dislocations appear like a line defect of micropipes and/or screw dislocations,

which is considered as one of the reasons for defects generation in the modified Lely crystals.

The second SiC growih was performed on the as-grown Lely seed crystal. Fig. 2 is an
optical micrograph obtained from the sectional specimenof the growncrystal, which contains
both imagesof the seed crystal and the growncrystal. The figure showsthat the growncrystal

has no micropipe. The top part of the crystal in Region a wassublimed and wasetched back
before the start of the growth, the height of the seed crystal wasdecreased from 3mmto 2mm
till the domelike shape. This etch back wasautomatically switched over to the growih. Onthe
other hand, the Region Pis the grownarea on the unetched surface that is original surface of
hexangular pyramidal planes ofthe as-grown Lely seed crystal. Therefore, before the start of
the growih, the top surfaee first converts to the domelike shapedrawnby dots line ofL in the
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schematic figure, and then the crystal becamethicker with the further growih. Fig. 3 is it's x-

ray topographs obtained with g=11~0. The high density of dislocation is only observed

between the unetched surface ofthe seed crystal and the growncrystal (Region ~)• Moreover,

manyline defects are propagated from there. However, the growncrystal on the etched top of

the seed crystal shows no high density of dislocation and low line defects (Region (x). It

seemsthat the pre-growih etched surface of the seed crystal is effective to restrain of defect

propagation in the SiC crystal growih.

Whenthe pre-growih etch back process wasperformed for the seed crystals prepared from

modified Lely crystals, wesucceededto constrain not only the high density of dislocation but

also micropipes. This interesting phenomenoncould be found in the interface between the

seed crystal and the growncrystal from the observation using optical microscope as shownin

Fig.4. Weobserved that manymicropipes terminate just below the interface, which is the frrst

observation in the SiC crystal growih by the modified Lely method. The density of the

micropipes in the growncrystal decreases to about 1/1 Ocomparingwith the seed crystal.

This work wasperformed as a part of the MITI NSSProgram(Ultra-Low Loss Power
Device Technology Project) supported by NEDO.

Reil [1] 'l'. Kato, N. Oyanagi, H.YamaguchiSNrshizawa MNasrr Khan Y Krtou K Aral

,J. Crysta/ Growth222 (2001) 579.

Fig, I X-ray topograph of the SiC crystal

grown in the (OOO1)Lely plate crystal.
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Fig. 2Optical micrograph obtained of the

SiC crystal grown on the as-grown Lely

seed crystal.

Fig. 3X-ray topograph obtained
with g=I120 from the samespeci-

menobserved in Fig. 2.

L~rJ..

mlcroprpes

Fig. 4Optical micrograph showing
several terminated micropipes in the

interface region between the seed
crystal and the growncrystal.

-94-



Technica/ Digest oflnt'l Conf on SiCandRelated Materials ICSCRM2001-,Tsukuba, Japan, 2001 MoP-15

TheNucleation of Polytype Inclusions During the Sublimation Growthof
6Hand4HSilicon Carbide

E. K. Sanchez, A. Kopec, S. Poplawski, R. Ware, S. Holmes, S. Wang.A. Timmerman.

Sterling Semiconductor, 7CommerceDrive, Danbury. CT06810-4169, USA.
Phone: (203) 794-1 100, Fax: (203) 797-2543, Email: esanchez amexol.com

Silicon carbide (SiC) possessesahost of electrical andphysical properties that makeit

ideally suited for use in high temperature, high frequency, andhigh powerdevices. One
ofthe most interesting properties of SiC is that it can take the form of over 200 different
polytypes, aone-dimensional version ofpolymorphism. Eachpolyiype has a set of
electrical andphysical properties that is unique. Therefore, controlling the forrnation of
different polyiypes is akey ingredient in controlling the properties of SiC devices.
Recentprogress in the physical vapor transport (PVT) growth of silicon carbide crystals
has resulted in single crystal wafers of the two mostconunonpolyiypes, 4Hand 6H, up
to 100mmin diameter [1]. However, the nucleation, or switching ofdifferent polytypes
during PVTgrowth is still not understood andhas beenshownto result in the formation
ofmicropipes and dislocations in SiC crystals. [2].

In this study, polytype nucleation during the growth ofboth 6Hand4Hsingle crystal SiC
wasinvestigated. Thepolyiype inclusion's morphologies were examinedand related to
growth conditions. It wasobserved that polytype inclusions nucleate at the outer edgeof
the central growth facet. Theythen propagate along the a-direction toward the edgeof
the wafer in a fan like band. Cross-sectional investigation showedthat these polyiype
inclusions were arranged in bandsof c-planes, which originate at a single point on one c-
plane, see figure I .

The inclusions wereobserved to then growoutward along the c-plane
andupwardalong the c-direction. Investigation ofthe nucleation point revealed the
existence ofvoids or inclusions of an as yet unknownorigin. Theexistence ofthese
voids and their possible relevance to polytype inclusions will be discussed, along with an
explanation ofwhat maybe occurring at the growih surface during polytype switching.

It wasalso observed that the polyiype inclusions have a devastating effect on the crystal
quality. In particular, the nucleation of polytype inclusions waslinked to the nucleation
ofmicropipes. Theboundaries betweendifferent polytypes are aligned with micropipes,
suggesting that the inclusions were a nucleation point for these micropipes. In cross-
section, the micropipes were indeed observed to originate on the c-plane wherethe
polyiype changed, see figure I .

Themicropipes were also seen to bendat different
angles whenpropagating through different polyiypes. Anexplanation ofthis observation
rs presented and its possible relevance to the polyiype nucleation discussed.

Adetailed investigation ofthe PVTgrowth of both 4Hand6HSiC will be presented to
explain the formation mechanismsinvolved in polyiype inclusion nucleation, basedon
the morphologies, growth conditions and experimental evidence obtained during PVT
growth.
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Figure I -
Optical transmission imageofa 6HSiC boule with 15Rinclusions. The

polyiype inclusions all start at apoint (such as the one labeled P) at the edgeof the

central growth facet. Micropipes (labeled M)can be seen originating at the polyiype

nucleation point andpropagating into the growth.
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Aluminumdoping of SiC single crystals with powder source results in a exponential axial
decrease in charge carrier concentration caused by aluminum source depletion and defect
generation through high initial aluminum concentrations [1]. Therefore we applied an
additional gas flow to the PVT-Growth-Setupleading direct into the growth cell [2]. Thus a
continuous supply of aluminumatoms out of an external reservoir waspossible. The concept
will be discussed.
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Fig. I: Axial charge carrier distribution (Hall measurement)in 6H-SiC-crystals grown on the
Si-side with aluminumin the powder(white squares) and with external source (black
rhombuses).

With thel~odified-PVT-Method high quality crystals with improved axial (4H: 2•1016cm~
3 16cm~3; 6H: 8•lO cm~3 Fig. 1) and lateral (4H: Ap/p 6H:
Ap/p Fig. 2) charge carrier homogeneitywere gru~ wn.
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The Dependenceof the remaining doping variations on compensation with residual nitrogen

and growth mechanismsand measuresfor further improvementwill be discussed.
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Fig.2: Absorption mappingof a 6Hwafer with monochromaticlight of 570 nm[3]. Thebright

parts indicate areas with low charge carrier concentration. Units: cm~~
.
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The generation of macroscopic defects like radial cracks [1] wasdiscussed in terms of stress

induced micropipe formation and agglomeration. Low angle grain boundaries (frequently

referred to as domainsup to somemillirnetres in length are visible as linear features extending
radial inward from the wafer edge and generally following low-index crystal planes. They

maysometimesextend through the entire wafer thickness [2]. Recently, the domainstructure

was attributed to the polygonization of threading edge dislocations, resulting in a low angle
tilt boundary array [3].

Another category of grown-in type macrodefects will be
discussed in this paper. They can be described as slits

bordered by two walls with a linear extension up to some
millimetres and a distance between them in the

micrometer range (Fig.1). The slits are extended in the

basal plane, preferentially in 1O0> respectively

120> direction, and are running in a plane parallel to

the growth direction. They are often bordered by macro-
pipes [4]• In dependenceon the growth conditions the

slits are stabilised and maypenetrate the whole crystal or

Fig. I disappear.

Extendedslits perpendicular to

the basal plane
(wafer diameter 32mm)

Single crystals of the 4H- and 6H-polytype with diameters up to 35mmand micropipe
densities between 50 and 200 cm~2 were grown in a temperature range from 2100'C to

2250'C. Seedswith 3.5' (6H) respectively 8' (4H) off-orientation to 120>were used. For
4H-crystals only the C-terminated surface wasconsidered. Crystals were nitrogen dopedwith

concentrations from 7 x
1016

_
1019 cm~3. The defect evolution within the crystals was

investigated using Optical Microscopy, Scanning Electron Microscopy (SEM). Electron

BeamInduced Current (EBIC) andKOH-etchingmethods.

EBIC images revealed that bundles of preferentially basal dislocations are located between
isolated slits (Fig 2) and are assumedto be responsible for the slit generation across a long
distance in the basal plane as well as in regions below the starting point of the slits (Fig.3).

Undercertain conditions the induced dislocation bundles mayprevent the growth of material

above it resulting in a slit. Their existence itself is strongly correlated to the presence of

polytype changes. Therefore, the deterioration of the crystal perfection at the polytype borders

seemsto be the origin of the slit generation, which is especially observed during the growth of

4H-crystals. Polytype stabilising parameters, useful to suppress the generation of the

described defects, will be discussed.
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Fig. 2 Dislocation bundle (1) associated with

a slit (2) (basal plane ), EBIC
Fig.3 Dislocation bundles (1) below

the slit (2) starting at steps of
polytype lamellas (3), (EBIC)
(growth direction upwards)

[1] Yu.A. Vodakov, A.D. Roenkov,M.G. Ramm,E.N. Mokhov,
Yu.N. Makarov, phys. stat. sol. (b) 202 (1997) 177

[2] C.H. Carter Jr., R. Glass, M. Brady, D. Malta, D. Henshall, S. Muller, V. Tsvetkov,

D. Hobgood,A. Powell, Materials Science ForumVols.353-356 (2001) 3

[3] S. Ha, N.T. Nuhfer, G.S. Rohrer, M. DeGraef, M. Skowronski
J. Crystal Growth220 (2000) 308

[4] D. Siche, H.-J. Rost, D. Schulz, W.Wollweber
Proceedings ICCG132001 Kyoto (to be published)

=100-



Technical Digest oflnt'l Conf on SiCandRelated Materials ~rCSCRM2001-,Tsukuba, Japan, 2001 MoP-18

Chemical vapor deposition growth andcharacterization of shape

memorySiC nanorods

M. Sajahan, YH. Mo,
A. K. M. FazleKibria, andKSNahm

School of ChemicalEngineering andTechnology, ChonbukNational University,

Chonju 561-756, Republic ofKorea

* Corresponding author:

Phone: +82-652-270-2311, Fax : +82-652-270-2306

Electronic mail : nahmks moak.chonbuk.ac,kr

Nano-sized SiC structures are useful for the improvementofmechanical and thermal

properties of nanocompositematerials due to their high strength, high elastic modulus,

low density, high thennal and chemical stability. The large bandgapproperty of SiC also

enables SiC nanostructures to be potentially applicable for nanoelectronic and

nanophotonic devices designed to operate at high temperature, high frequency, etc [1-3].

In this work, we report a shape memorysynthesis of SiC nanoscale structures at

lower temperature. Our technique consists of the growth of carbon nanotube over Fe-Co

catalyst loaded SiC wafer and the subsequent growth of SiC nanorods by a chemical

reaction of CNTwith TMSin a rapid thermal chemical vapor deposition (RTCVD).The

Fe-Co catalyst was supported on an ultrasonic cleaned Si(100) wafer by dipping into

aqueous solution (10~3M) of corresponding metal salts (Fe(N03)3'9H20

Co(N03)26H20= I : 1). After Fe-Cosupported Si wafer waswashedwith DI water, it

was dried in an oven at 1000C for I h. For the growth of CNT, the metal loaded

substrate wasplaced in the base area of a quartz plate and fixed in the central hot region

of aRTCVDreactor [4]. ThegrownCNTSWasinsitu etched for 5min by 200 sccmH2

gas at 9000Cand the growth of SiC wasperformed for 30 min over the CNTat I1000C

with I .01200 sccm TMS/H2.The structural and optical properties were investigated

using various analyiic techniques.

Figure I showsSEMimages of the grownSiC nanostructures. The figure reveals the

growth of large quantities of straight and curved nanorods across the whole substrate

surface. The nanorods with approximately I umlength are randomly oriented over

CNTgrown for I min (Fig. 1(a)). However, the length of SiC nanorods significantly

increases as the growth time of CNTSincreases (Fig. 1(b)). IR spectra for both the

samples showeda strong C-Si stretching vibration absorption peak at 805cm~1 which

confirms the growth of SiC. Theappearanceof aXRDpeak at 20 =17.50 also indicates

the growth of the zinc blend p-SiC nanorodes [1,5]. The intensity of the SiC peak at
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20 =17.50 increased with the growth time.

Fig. I : SEMimages for SiC nanorodes; (a) CNTSgrown for I min. (b) CNTSgrown for 10 min.

[~~E~~~~]

', ' =='

'"

Fig.2: XRDspectrum for SiC.

Wehave also investigated the temperature effect on SiC growth. Noevidence of

the growth of the SiC nanorodeswasfound from the samplesgrownat 900 and 10000C,

respectively. The presence of a sharp peak at 950cm~1 in the Ramanspectrum

recognized the LOmodeof the SiC Iattice [6]. The intensity of the Ramanpeak at

950cm~ increases as the relative growth time of SiC increases, indicating that SiC

nanorods are formed by the conversion of CNTSinto SiC. EDXwas also showedthe

stoichiometric growth of SiC nanorods. PLpeak wasobserved at an emission energy of

2.3 eV, indicating the growth ofthe SiC nanorods [6].
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Moderncrystal-growth techniques can nowafford a wiide panoply of heterosystems for

applied physics purposes. A comprehensive understanding of the problems involved in

growih experiments implies the macroseopic and microscopic aspects of interface physics.

Aithough the latter aspeet is relevant to the very first stages of the growih proeess, the frrst

aspect (of heteroepitaxy) must be taken into account becausenot only local features but also

periodic and long-range features can influence the process. This is for example the case of

Lomerdislocations which maybe created at the interface between two host materials with

mismatched lattice parameters whenthe overlayer thickness exceeds a critical value. An
energy balance between strain-associated elastic energy and dislocation formation energy
determines the overlayer critical thickness beyond which misfit dislocations (MD's) are
energetically morefavored than strains.

The lattice misfit betweentwo materials Aand B is related to the difference between their

I.
The dislocations which are created whenthe conditions ofIlattice parameters A= aA-a8

strain relief are fiilfilled are characterized by a geometrie feature, namely the associated

Burgers vector. At a nanometric scale, the elementary quantity which wemaydefine is a
"small" Burgers vector b*=aB-aA, with aB>aA: b* represents a rather small fiaction of the

lattice parameters_ In the case of perfect epitaxy, b* corresponds to small epitaxial

dislocations. Bya vemier effect, weend up with a network of epitaxial MD'swhich are fairly

parallel with a lattice spacing equal to L. Their density is low whenAis small: if b, ~O, one

mayexpect that L~Go,ensuring avery small dislocation density. Theappearanceofthe MD's
corresponds to a negative free energy associated with these defects, as they aim at relaxing

interface strains. The lattice spacing L is usually obtained by applying the following

geometric conditions:

(nl+1)aA=nlaB ; nl=aA(aB-aA)~1
,
ifaA (1)

(nl+1)aB=nlaA ; nl=aB(aA-aB)~1
,

ifaA>aB (2)

Ifwe consider
,

e.g., Eq. 1, it states that after nl jumps on the lattice Band (nl+1) jumps on
the lattice A, wemayfind in coincidence two interface sites belonging respectively to Aand

B.
In the fi:amework of the geometric approachL is then calculated by using the value of nl

and the expression of the corresponding Burgers vector. Within this approac~ wecan learn

that the best host materials for heteroepitaxy are those providing the highest value of L, i.e.,

eventually the lowest MDdensity.

In what follows, we will show that not only the geometric features of host materials are
relevant to heteroepitaxy but also those features related to their elastic properties, through

which the temperature effects are also involved as these elastic features are temperature
dependent. The idea of taking acc.ount of these elastic features can be derived by analyzing

the elasticity theory equations. These equations relate strain to lattice dynamics features
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through relationships involving the S=~Cij)/p factor, where p is the density. For each
interface confrguratiou~ i.e., for a specifie growih plane, the dynamics equations involve
effective elastic constants f(C,j) which correspond to elastic waves propagating along the
principal symmetrydirections in cubic crystals. Theexpressions of ~Cij) for the longitudinal
and transverse modesare given below respectively for the LIOO], [1 10] and [1 1I] directions:

- For longitudinal modes:
f(C,j)=CI I (a), ~Cij)=C11+C12+2C44(b). ~Cij)=C11+2C12+4C44(c) (3)

- F,or transverse modes:

~Cij)=C44 (a), ~Cij)=0.5(Cll-C12) (b). ~Cij)=( Cll-C12+C44)/3
.

(c) (4)

The relevance of these elasticity-related features for a numberof effects characteristics of
coherent epitaxial solids and for epitaxy-induced structural phase transformations has been
discussed in refs. In our approacb~wederive renormalized expressions -ns - of the geometric
factor nl showing the effect of the ratio Sof the SA.B factors (effective elastic constants) of
the substrate and the epilayer in the case of B/A heterostructur involving one interface. The
relevance of S is depicted on the following figure for several heterostructures including
nitrides-based systems. Onecan see that the highest values of ns, i.e., the smallest MD's
densities are obtained for S~;I and that ns decreases whenthe mismatchof the SAand SB
factors increases'
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For systems where a hrge lattice mismatch
exists betweenthe hOst materials, the strategy of 20
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the continuity conditions for geometric (ns) and elastic factors (S).

Theepitaxial growth of GaNby moderngrowih techniques as metalorganic chemical vapor
deposition is usually madeby using sapphire as substrate. Despite the large lattice mismatch
bctween these two materials (> 12 o/.), which implies, in principle, that a high density of
dislocations maybc present in the epilayer, it has bcen demonstrated that devices showing
surprisingly high performance maybe obtained. Defects which could damagethe interface
quality of the heterostructure are related to the existence of interface defects bctween
misoriented domains in the GaNoverlayer, consisting in low-angle grain boundaries. An
alternative to the use of sapphire substrates can bc provided by SiC bccauseof a bctter lattice

matching and clo ser thermal expansion. This is expccted to give irnpro ved crystauine
characteristics. Onepossible strategy to increase this crystalline quality is to introduce a AIN
buffer layer. Thus we demonstrate that the matching at the AIN/SiC interface of the
dynamics-strain related factors is improved. These previsions showthat the SiC-substrate
altemative with the use of AlN buffer layer is a valuable approach for GaNheteroepitaxy.

5
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Manyunidentified intrinsic defects have been measuredin the photoluminescence (PL) and

Ramanspectra of irradiated SiC. The best knownones are the so-called DI and Dll PL

centers [1,2] found in H+, He+and C+bombardedSiC samples. Theseare stable up to 1700

'C. TheD center showsfive localized modesabove the phononcontinuum from 1031 cm~1
II

up to 1328 cm~1. Since the DII center is formed after carbon implantation, Iocal a carbon

excess is expected to give rise to these bands. Dramatic changes occurred in the Raman
22 +spectrum as the implant concentration was varied from l020 H+ ions/cm3

to 10 H
ions/cm3. Newpeaks appeared at 1080 and 1435 cm~1and at 1400 and 1600 cm~1 [3]•We
call these centers R1 and R2, respectively. The first two peaks disappeared simultanously at

800 'C, while the last two at 600 'C. Basedon the higher dose of implants it is expected that

moreSi vacancies are created while the annealing behavior shows that these centers contain

mobile ingredients, most probably carbon interstitials. These centers have been knownsince

decadesbut very little additional information is available about them.

The conditions of the creation of these centers imply that carbon interstitals play a crucial

role in them. Wehave investigated the carbon di-interstitial defect in a silicon vacancy in 3C-
and 4H-SiC. Ab initio calculations using the local density approximation of the density

functional theory and norm-conserving pseudopotentials have been carried out on supercells

in both polytypes. TheLVMSand the occupation levels have beendetermined.

The calculated LVMSof this complex are at 1413 cm~1and 1155 cm~1(double degenerate)

in 3C-SiC. Both modesare Ramanactive. Thecalculated frequencies are reasonably close to

the measuredones (at 1435 and 1080 cm~1) in the Ramanspectrum, thus we suggest this

defect as the microscopic model for the R1 center. Thecarbon isotope shifts in the vibration

modesare predicted as a meansto confirm our model experimentally. It is found that the

defect complexcan act both as a double electron and as a hole trap. Thepredicted occupation

levels should be measurableby deep level transient spectroscopy (DLTS).

[l] W. J. Choyke, L. Patrick, Phys. Rev. B4, 1843 (1971).

[2] L. Patrick, W. J. Choyke, Phys. Rev. B8, 1660 (1973).
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The use of SiC for optical applications is limited by its indirect character. According
to the k-conservation rule, at the fundamental gap direct transitions cannot contribute to

luminescence or absorption. However,defects or nanostructures destroy the translational

synunetry and thus makeit possible to circumvent this problem. Hencewestudy Geand
Si nanocrystallites embeddedin SiC. Thesestructures are expected to be suitable for lu-

minescencein the visible spectral range even including the blue [1]. Nanostructures of
this kind havebeenproduced by ion implantation in amorphousSi02 matrices, by elec-

trochemical etching, or by Stranski-Krastanov growth in molecular beamepitaxy [2,3].

In order to achieve electroluminescence, a host material which can be doped, and which
has an appropriate bandgap is needed. Thewide-gap material SiC will be a convenient

matrix material. In fact, recent results of ion implantation with subsequent annealing of

Genanocrystallites in SiC provide the experimental backgroundand the incentive of our
work. Anexampleof such a Gedot is shownin Fig. a) [4]. Thequestions to be answered
by expelimentalists and theorists include those of composition and structure of the em-
beddeddots as well as the influence of the embedmenton the structure of the inclusions.

Indications have been found of hexagonal Geas well as of GeCphases embeddedin
hexagonal SiC.

Our main goal is the parameter-free description of the optical properties of these sys-

tems. Thequalitative description of the different influences allows recommendationsto

experimental groups in order to achieve luminescence from embeddednanocrystallites.

The spectral properties of the nanocrystallites are described within Density Functional

Theory (DFI) in Local Density Approximation (LDA) and by meansof the Projector-

AugmentedWave(PAW)Method. The dielectric function is calculated from transition

matrix elements andbandenergies using aquadratically extrapolative tetrahedron method
[5]. Westudy spherical Geand Si nanocrystallites of 5to 239 atomsembeddedin cubic

SiC as well as free, hydrogenated nanocrystallites to simulate embedmentin a wide-gap
semiconductor. Finally, wealso showresults for nanocrystals in hexagonal SiC.

Weuse the supercell methodwhich starts from one large cell of host material with one
nanocrystallite. This building block is nowrepeated irLfinitely in all space directions.

Thusour material is a composite madeof the nanocrystals surrounded by SiC. Weshow
that by meansof an effective mediumtheory it is possible to extract the optical properties

of the nanocrystals and to calculate the behavior of a newcomposite material with other

filling factors. Thedot-related quantities are size dependentdue to quantumconfinement
effects. Theydependon the type of dot material, the dot-host interface, and the shapeof
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the nanocrystals as well as on strain. Furthennore, the insertion of the quantumdots also
alters the behavior of the host. Along with the interaction of neighboring nanocrystals,
this is one limitation to the applicability of effective mediumtheories for systems with
low barrier heights for electrons andholes or even for type-II heterostructures, e.g., Ge
nanocrystals in cubic SiC. For systemswith high barriers, the extraction of cd*t (~)) is sim-
ple andprecise. Wecomparethe results to absorption spectra of embeddedGecrystallites.
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Fig. a) Exampleof a Gedot in SiC, TEMpicture [4], and b) Contribution of the gap
states (solid line) to the total c(~)) (dashed) and oscillator strengths (bars) of 41-atomGe
dot in 512-atomSiC cell.

Thelurninescence properties of any material are governedby the lowest few transitions.

Anexampleof oscillator strengths and the contribution of the gap states to the spectrum
are shownin Fig. b). Wehave identified the origin of the important transitions, i.e., we
haveallocated themto the respective electronic states. It hasbeenshownthat the oscillator

strengths and energies dependstrongly on the shapeand the strain of the crystals as well

as on the dot-host interfaces. After all, a consistent picture encompassesthe densities of
states, the bandstructures, and the optical spectra.

In order to obtain results which represent real systems it is necessary to include the exci-

tation aspect and to gobeyondthe LDAapproximation in the electronic structure calcula-
tion. First results of selfH~nergy calculations within the GWapproximation are presented.

Furthermore, excitation energies are calculated within the ASCFmethod.

[1]

[2]

[3]

[4]

[5 J

L. Rebohle. J. von Bonany, H. Frdb, andW.Scorupa, Appl. Phys. B71, 131 (2000).

A. Fissel, K. Pfennighaus, andW. Richter, Thin Solid Films 318, 88 (1998).

B. Schroeter, K. Komlev, U. Kaiser, G. Hess. G.Kipshidze, andW.Richter, Materials

Science Forum353-356, 247 (1976).

U. Kaiser, Private conununication.

H.-Ch. Weissker. J. Furthmueller, andF. Bechstedt, Phys. Rev. B(submitted).
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Wereport on a first-principles calculation of stacking fault (SF) energies in 3C-, 4H-,

and6H-SiCbasedon density-functional theory within the local-density approximation.

A11 the structurally different SF in 3C-, 4H-, and 6H-SiC, which can be introduced by
glide along the (OOO1)basal plane, are considered: 3C-, 4H-, and6H-SiChaveone, two,

and three geometrically distinguishable SF, respectively; as shownin Fig.1. The SF
energies are calculated using both a supercell method and the generalized axial

next-nearest-neighbor Ising (ANNNl) model [1,2]. To confirm the accuracy of our
calculation, the SFenergies of Si and diamondare also calculated using the supercell

methodsince the corresponding experimental values are knownand relatively well

established. Our theoretical calculations showvery good agreement with available

experimental results. Ourcalculation confirms that the SFenergy of 3C-SiC is negative

[3], andwealso fmdthat oneof the three types of SFin 6H-SiChas considerably higher

SFenergy than the other two types (see Table I) [4].

TheANNNlmodel allows a simple, but still rather accurate, calculation of the SF

energy in SiC from the results of several total energy calculations for perfect crystals

(in this case from 2H-, 3C-, 4H-, and 6H-SiC). In order to modelSFwith the supercell

approach, avery large numberof atoms in the supercell is required (in the present study

96 atoms), and it is therefore very time-consuming. Our calculated inter-layer

interaction parameters for the ANNNImodel, from which one can determine

approximately the SFenergy for other SiC polyiypes, give values which are very close

to the available experimental data in the literature [2,4].

[1] C. Cheng, R. J. Needs, andV. Heine, J. Phys. C, 21, 1049 (1988).

[2] M. H. Hong,A. V. Samant, and P. Pirouz, Phil. Mag.A, 80, 919 (2000).

[3] P. Kackell, J. Furthmtiller, and F. Bechstedt, Phys. Rev. B, 58, 1326 (1998).

[4] H. Iwata, U. Lindefelt, and SvenOberg, submitted to Appl. Phys. Lett.

[5] K. Maeda.K. Suzuki, S. Fujita, M. Ichihara, and S. Hyodo, Phil. Mag. A, 57, 573

(1988).
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4H-SiC 6H-SiC

Slip plane

c-axis

Fig. I .

TypeI Typen TypeI TypeH Typem
Geometrically distinguishable SFSin 4H- and 6H-SiC

Table I. Theoretical andexperimental SFenergies in 3C-, 4H-, and6H-SiC (in mJ/m2).

Note that the ANNNlmodeldoes not distinguish betweentype I and type 11 SFin 4H-

and 6H-SiC. To the authors' knowledge, structural differences betweenSFShave not

beenconsidered in the literature.

3C-SiC 4H-SiC 6H-SiC
Supercell method

Type I
Type II

Type 111

-1 .80 17.7

18.1

3.35

3.10

40.1

ANNNImodel
Type I
Type II

Type 111

-6.27 18.3

18.3

3.14

3.1 4
36.6

Experiment
Ref.2

Ref. 5
14.7i:2.5 2.9~0.6

2.5i0.9
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A first-principles study of interacting stacking faults (SF) and polyiype inclusions in

silicon carbide, based on density-functional theory within the local-density

approximation will be reported [1]. Polyiype inclusions, i.e., the presence of different

polyiypes in a host crystal, have often been observed in hexagonal SiC polytypes,

Although the mechanismfor the creation of polytype inclusions is not knownwith

certainty, one possibility is the motion of partial dislocations [2], each leaving behind an
imperfect crystal containing a SF. If two partial dislocations having the sameBurgers

vector appear in neighboring (OOO1)planes, then a3C-like inclusion can be created in the

hexagonal crystal as shownin Fig. I .

If still morepartial dislocations are introduced, the

thickness of the 3C-inclusion can increase (see Fig. 1).

In another paper at this conference [3,4], westudied the effect of a single SFin SiC. In

the present paper weintroduce additional SFSin neighboring (OOOI)planes (note that SFS

can not be present in all neighboring planes without violating the close-packing stacking

sequence) and study the effect on the band structure. The calculations are performed
using a supercell technique with 96 atoms per supercell (corresponding to 12 primitive

unit cells for 4H-SiC). Figure 2showshowthe bandstructure changesas I ,
2, and4SFS

in neighboring planes are introduced so as to convert a part of the 4H-SiC crystal to a
3C-like region. In the case of4 SFs, the thickness ofthe 3C-like region is around 2.5 nm.
Wecan see that, andas reported earlier [3,4], I SFsplits off abandfrom the continuum of
conduction band states, and that on increasing the numberof neighboring SFs, this

split-off band movesdownin energy. This situation is of course consistent with a
quantumwell (QW)picture (the depth of the QWbeing equal to the conduction band
offset between3C- and 4H-SiC), where the ground state goes downin energy whenthe

QWthickness increases.

Themethodhas allowed us to study the effect of further SFs, SF-SFinteractions and to

analyze the wavefunctions, and will be discussed in the presentation.

[IJH. Iwata, U. Lindefelt, and SvenOberg, will be submitted to Appl. Phys. Lett.

[2] P. Pirouz and J. W.Yang, Ultramicroscopy, 51, 189 (1990),

[3 1H. Iwata, U. Lindefelt, and SvenOberg, submitted to this conference,

[4] H. Iwata, U. Lindefelt, and SvenOberg, submitted to Phys. Rev. Lett.
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Fig. I .
Thecreation of 3C-inclusions of various thicknesses in 4H-SiCby the stacking of

SFs.
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Abstract
Borondiffusion in silicon has always beena high interest topic, experimentally and
theoretically, due to the key role it plays in semiconductor doping processes. In silicon

carbide, another material of growing interest in microelectronics, there are to date no
theoretical studies on this topic.

Spin polarised ab initio calculations at DFT- LDAIevel wereperfonned with a reasonable
cell size (64 atoms) and a well-converged k-point sampling ofthe Brillouin zone. This
combination of methodsc'an be considered the state of the art in computational material
science.

First the main defect configurations and their energy stability were analysed, both for the self
interstitials (Si and C) and for Binterstitial, in order to probe possible diffusion mechanisms,
like Si kick-out [fig. I]. Thena path betweentwo energy minimaof aBinterstitial was
sampled, performing structural relaxations, but constraining the Batomto lay on a plane
orthogonal to the selected path. This approach gave us valuable insight as to the diffusion

path along the intermediate positions through which the Batommustgo through, which
normally are not taken into account in conventional studies, andhowhigh the barrier to the
diffusion is there.

Bdiffusion appears to be feasible, as the energy barrier to overcomeis not very high (- 0.6
eV). Moreover, another main feature of our calculations is that the diffusion mechanismthat

is conventionally postulated, consisting of ahopping process betweena tetragonal position

and ahexagonal position, appears to be too simplified andmaygive rise to lower barriers

than the real ones. Anunexpected result wasthat morethan one, non-equivalent path between
two minimumenergy positions do exist [fig.2].

'Centro Nacional de Microelectr6nica (CNM)- CSIC
CampusUniversitat Autonomade Barcelona (UAB), 08193 Bellaterra (Barcelona), Spain
Tel: ++3493 5947700 Fax. ++3493 580 14 96 E-mail : riccardo.rurali a)cnm.es
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Figures

(a) (b)

Figure I -B kick out. Theconfiguration with a substitutional B in a Si site is madeunstable
in presence of an interstitial Si gets closer (a). The relaxed configuration (b) shows that to

achieve equilibrium Bis displaced and Si almost takes its ownsite back.

-8505.2

-8505 3

-8505 4

-8505 5

>~L -8505 6
F~

-8505 7

-8505 8

-8505 q

-8506 •

B B i~

;
*

;i
ii
{
~

EX

position

Figure 2 - Diffusion barrier. B diffusion along two different hexagonal-hexagonal paths.

Onepresents a diffusion barrier around 0.6 eV, the other has no barrier.
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Theory of Boron-Defects in SiC

Michel Bockstedte, Alexander Mattausch and Oleg Pankratov
Lst. theor. Festk6rperphysik, Universit~t Erlangen-Ntirnberg

Staudtstr. 7B2, D-91058Erlangen, Germany
Tel/Fax: +49 9131 852 8830133, email: bockstedteCphysik.uni-erlangen.de

Boronas an acceptor-center in SiC has attracted muchattention. Experiments have been
focused on the electronic structure of boron-related centers [1,2], the electrical activation

of the acceptor [3] and the properties of boron diffusion [4]
.

Thoughprogress has been

madein the understanding of the boron diffusion [5,6], the origin of experimentally ob-

served boron centers is still unclear. While theory predicts substitutional boron acceptors

on the carbon and silicon sublattice [5,7], in experiments only the shallow boron acceptor

at a silicon site (Bsi) has been identified [1]. Onthe other hand, a recently proposed

model [2] for the deep boron acceptor is at variance with theoretical predictions [5]
.

To
obtain a microscopic picture of the properties of boron in 3C-SiC wehave investigated

by an ab initio methodboron related defects and the boron diffusion. Our results show
that substitutional boron mayreact with intrinsic point defects to form deepdefect com-
plexes or boron interstitials. Underp-type conditions, boron-carbon-vacancy complexes
(Bsi-Vc and Bc-Vc) and the tetrahedral carbon coordinated boron interstitial (BTC)

occur in comparable concentration as substitutional centers. Similarly we have found

that boron pairs form. While the second nearest neighbor pair on the silicon sublattice

(Bsi-Bsi) is only weakly bound, the nearest neighbor pair (Bsi-Bc) and the second near-
est neighbor pair on the carbon sublattice (BC-BC)have a binding energy of about I eV.

The latter two boron pairs have acceptor levels at 1.0eV and 0.7eV, respectively. This
indicates that these pairs, besides substitutional boron on the carbon sublattice, maybe
responsible for the experimentally observed deep acceptor level. Yet, the spin density of

the boron pairs cannot explain the EPR-data, that originally has been attributed to the

deep acceptor. The electrical activation of boron is detennined by three effects: (1) the

binding of implanted boron in pairs, the formation of boron-carbon-vacancy complexes

and boron interstitials, (2) the compensation of shallow boron by positively charged

boron-carbon-vacancy complexes, the boron interstitial BTCOr other defects and (3) the

out-diffusion of implanted boron during the anneal. According to our findings all these

effects are operative. However, the electrical activation rises with the C/Si-ratio as the

concentration of shallow boron increases and at the sametime the compensationby the

boron-related deep centers decreases. Our results indicate that boron migration in p-

type material is governed by an interstitial mechanismpreceeded by a kick-out reaction

with a silicon interstitial. This result supports the findings of recent experiments [6].

[1] S. Greulich-Weber, phys. stat. sol. (a) 162, 95 (1997).

[2] van Duijn-Arnold et al.
,

Phys. Rev. B60, 15829 (1999) and references therein.

[3] Itoh et al.
,

Appl. Phys. Lett. 73,1427 (1998).

[4] Laube et al.
,

Appl. Phys. Lett. 74, 2292 (1999).

[5] M. Bockstedte et al.
,

Mater. Sci. Forum353-356, 447 (2001)
[6] H. Bracht et al., Appl. Phys. Lett. 77, 3188 (2000).

[7] Fukumoto, Phys. Rev. B53, 4458 (1996)
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TIIEORETICALSTUDIESONVANADIUMIMPURITYIN p-SiC

laj2~~~~L'r S.A. Reshanov.1.1. Parfenova. E.1. Yuryeval, A.L. Ivanovskii
Dept. of Microelectronics. St.-Petersburg State Electrotechnical University,

Prof. Popovstr. 5, 197376. St.-Petersburg. Russia
l Institute of Solid State Chemistry UrBof RAS,Pervomaiskayastr. 91,

620219. Ekaterinburg,

Russia
Phone+7 812 234 30 64, Fax+7 812 2343164, E-mail: SiC.ME@eltech.ru

The studies of a vanadium impurity in silicon carbide are especially actual, as being an
amphoteric impurity and forming deep levels near to the middle of the bandgap it allows to

recerve asemi-insulating material

Thevanadium impurity atom in silicon carbide crystal lattice can be localized in several

~structural nonequivalent interstitial (i) or substitutional (Si) positions. Besides in view o
differences of atoms radiuses of silicon and vanadiumin dopedsilicon carbide it is necessary to
expect the effetts of local structural relaration. Till nowthe problems of shaping thin features of
electronic allocations andnature of interatomic bonds in the system SiC:V in view of the marked
circumstances remainedpractically uninvestigated.

In the present study ab initio X*- discrete variation method (X*- DVM) calculations of
electronic structure and chemical bond parameters has been carried out for the clusters, which
simulate possible versions of the isolated vanadiumatom impurity intrusion into the P-SiC Iattice.

The lattice structural and chemical distortions as a result of vanadiumdoping has been
taken into account within the framework of the tight-binding theory in Harrison's bonding
orbitals approach. It was supposed, that the perturbations introduced by the impurity atom.
spread not further than next nearest neighbor and, accordingly

,
the interaction bctweenvanadium

impurity atomswasnot under consideration.

Thefollowing mainpreliminary results should be marked:
1) for tetrahedrally coordinated substitutional impurity (Vsi) there is a considerable split of

V3d-orbitals by acry stalline field; at C-octahedrally coordinated interstitial position of vanadium
(Vi) the impurity states forms an isolated level of V3d-states inside the bandgap;

2) the external orbitals of Vsi form hybrid bondswith carbon atoms, for Vi the atomorbits

overlap of vanadiurn andproximate silicon atoms is observed,
3) there is the local magnet moment(LMM)on vanadiumatom for all of the surveyed

positions; the LMMmakes- (1.4 and2.0) and (0.0 and 1.1) uB for each of two variants Vsi and
Vi. Theresults regarding the electronic structure, the formation energies, the ionization levels and
the geometry of the rela~d structures of the defects caused by vanadiumimpurity intrusion into

structurally nonequivalent SiC Iattice positions will be reported anddiscussed

This work wassupported by RFBR(project NO1-03-33175)
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Evaluation of 6H-SiC(OOO1)surface after high-temperature hydrogen
annealing by reflection high-energy positron diffraction and atomic force

mrcroscopy

T. ISHIMOTO,M. YOSHIKAWA,A. OHI, A. KAWASUSO,H. ITOH
JapanAtomic EnergyResearchInstitute. Watanuki, 1233. Takasaki. Gunma,370-1292,

JAPAN
+81-027-346-9330 (TEL)/+8 1-027-346-9687 (FAX)/ishimoto@takajaeri.go jp

1.
Introduction

To use SiC as the high performance device materials, it is necessary to makeflat,

oxide free and inactive sufaces. For this purpose, high-temperature hydrogen amealing is

proposed. It is knownthat (lamages on SiC surfaces are removedand dangling bonds of SiC

sufaces are terminated with atomic hydrogen afier hydrogen aDnealing above 11OO~C

[Ref. II. Weobserved the dependenceof 6H-SiC surface morphologyon hydrogen aunealing

temperature using reflect high-energy positron diffraction (RHEPD)and atomic force

microscopy (AFM). Using the total reflection mode,RHEPDcan convey information about

the topmost surface.

2. Experimental and results

Commercial 6H-SiC(OOO1)specimens were dipped in 50/0-HF to remove suface

oxides afier boiling in acetone, H2S04and aqua regia to removethe organic substances and

metal contaminants. Hydrogenannealing was conducted from IOOOto 1400 'C for 8hours

with H2gas pressure and flow rate of IOOTorr and2sVm,respectively. Figures I and2show

the AFMimages afier H2 amealing at 1000 "C and 1400 'C, respectively [Ref.2]. In both

anuealing conditions, flat terraces and step structure are observed. The tpecimen which was

Fig. 1
after

hours.

v,oo~

AFMimagefor 6H-SiC (OOO1)

H2 annealing at 1000 'C for 8
Fig. 2
after

hours.

~~

.~

AFMimage for 6H-SiC (OOO1)

H2 annealing at 1400 'C for 8
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simply boiled in ultra pure water afier dipping in 50/0-HF, any terraces were not observed and
root meansquare roughness (Rq) was several tenths of A. Thus, terraces appear due to

hydrogen annealing. Typical step height betweeneach terrace andRqin terraces were several

Aand less than I A, respectively, afier hydrogen annealing at 1000 "C. Nevertheless, the

peripheries of terraces are not straight. Muchmore wider terraces and well-ordered step

structure are observed after hydrogen annealing at 1400 oC. The step height between each

terrace and Rqof terraces were approximately I- 2A, which are comparable to the Si-C

bond length (1 .87 A). The step height andRqare

Fig. 3 RHEPD
6H-SiC(OOO1)after

H20boiling.

specular pattern

50/0-HF dipping

for

and

similar to the case of H2annealing at 1000~C.

RHEPDtotal reflection (at glancing angle of

l .
1*) patterns are shownin Figs. 3 through 5 at

[1100] incidence. The lowest spot indicates the

direct beam. Figure 3 was obtained from the

specimen simply boiled in ultra pure water afier

dipped in 50/.-HF. Thepattern is heavily splitted.

This suggests that the as received 6H-SiC surface

was rather rough. FromFigs. 4and 5, it is seen
that the specular patterns are spot like. This

suggests that H2annealing at over IOOO'C make
6H-SiC surface atomically flat. These results are

consistent with AFMobservations.

Fig. 4 RHEPDspecular pattern

6H-SiC(OOO1)after H2 annealing

lOOO'C for 8hours.

for

at

Fig. 5 RHEPDspecular pattern for

6H-SiC(OOOl) after H2 annealing at

1400 'C for 8hours.

Ref. 1
Ref. 2

H. Tsuchida et al., Jpn. J.

A. Kawasusoet al., Appl.

Appl.

Phys
.

Phys.. Part 236, L699 (1997).

Lett., 76, 9, 1119(2000).
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Ion-implantation induced deep levels in SiC studied by Isothermal

Capacitance Transient Spectroscopy (ICTS)
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Ion implantation is well knownas one of the most potential selective doping technology to

produce planar SiC devices, applicable for vertical types devices such as MOSFETand JFET.

During the implantation, however, generally followed with generation of damage,destroying the

crystalline structure of SiC. Although post-implantation annealing can recover the crystallinity,

in contrast it causes new-secondary defect. In SiC, 3 types of implantation and successive

post-implantation annealing induced defects have been reported l). These defects might work as

origin of deep levels, act as trapping or recombination center and greatly limit device

performances.

Concerning deep levels associated with these defects, recently, Dalibor et al have overviewed

someintrinsic deep defect centers induced by ion-implantation together with the subsequent

annealing in several SiC polyiypes 2). Their results, however, have insufficient clarifications of

which process and which region mostly involved with these defects. Moreover, there seemto be

a lack for discussion the behaviors of these defects especially for elucidating the defect origins

and the information of deep levels in as implanted sample as well as in post-annealed implanted

one. In this contribution, we will give valuable data of deep levels related these defects

particularly in as implanted 4H-SiC schottky device, their depth profile and the effect of
3)

post-implantation annealing, analyzed by isothermal capacitance transient spectroscopy(ICTS)
.

In this study weused n-type 4H-SiC(OOO1)substrate with 8~ off-angle and n-type epitaxial layer

15 3purchased from CREE.Theeffective carrier density CNd-Na)in epitaxial layer was5xlO cm~
.

Multiple implantations of Nwere carried out at room temperature in order to form box-shape

profiles with a depth of 0.3 um. The total dose was lx 1013 cm~2. The subsequent arLnealing was
carried out in Ar-ambient at 1500'C for 5minutes. Ni electrodes were formed on SiC back

surface by electron beamevaporation and annealed at IOOOCfor 2min, which leads to ohmic

contact. To form the Schottky contact Ni wasdeposited on the ion implanted SiC-surface. The
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ICTS measurementswere performed in I0~2 Torr vacuum, at various temperatures, using

sensitive-capacitance measurementapparatus (lMHz) with typical measurementcondition o~

reverse voltage Vr = -2 V, forward pulse voltage Vp= I V, andpulse width Wp= I ms.
In as-implanted SiC device, we found three typical deep levels i.e., El, E2 and E3 with energy
levels located at 0.375, 0.76 and 0.86 eV below conduction band, respectively. Since our

measurementwas limited at temperature range of i 190oC, wesuggest that deeper energy level

might be detectable at higher temperature. Figure la and lb showrepresentative ICTS signals

and Arrhenius plot of E1 taken at around ambiencetemperatures. Fromthe depth profile results,

interestingly, E1 and E2 were detected at depth region up to 0.8 lJ mfrom metal/ion-implanted

SIC interface. On the other hand, ICTS signal of E3 appeared at deeper position. Two
suggestions might be applicable here; one is that E1 and E2 are probably of deep levels

associated with ion-implantation induced defects, where the densities decrease toward to deeper

position. Secondis that E3maybe due to a defect originally existing in the epitaxial layer, but as

the defect concentration is muchless than that of E1 an E2, it was undetectable at shallower

region. Although further investigation to clarify the origin of these defect is required, these

results prove that ICTSmethodis powerful for characterization such kind of these defects.

14 Temperature ('c)a) g,o b)

12
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/\ f 8.0

~H
LL S 75~ Ec-Et =0.375 ev
~5 6

7,0

~
l

\1*/ * '
6.5\

2 /J "~
;"';~"~""'

6.0 \. .
',,*

o,oool 3.3 3.4 3.5 3.6 3.7o.ool o.ol 0.1 1
t (s) Iooorr (K

~1)

Fig, I ICTS signals in as-implanted SiC schottky device (a) and Arrhenius plot of corresponding

data (b) determined at around roomtemperature, This is identified as El with energy level located

at 0.375 eVbelow the conduction band,

This work wasperformed under the managementof FEDas a part of the MITI NSSProgram

(R&DUltra-Low-Loss PowerDevice Technologies) supported by NEDO,Japan.
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Wafer-scale Defect Characterization of SiC WafersBasedon an Optical

Technique

Xianyun Ma, Robert T. Bondokov,and Tangali S. Sudarshan
Electricat Engineering Department. University of South Carohna
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Recent investigations have shown the large potential of SiC for high-power, high-

temperature and high frequency electronics. Different wafer types (6H and 4H) grownby
the modified Lely methodare available at relatively low prices. However, silicon carbide

wafers are far from being free of micropipes and other structure defects, which are
deleterious to high quality epilayer growih for SiC device applications.

Characterization of structural and crystallographic defects in SiC single crystals is mainly
established by X-ray topography. SEM/TEM,AFM,and etching methods. Thesemethods

are time-consuming, expensive, and sometimes destructive due to the necessary special

techniques for sample preparation. Moreover, the most commonlyused etching methods
for defect delineation are destructive. It is very difficult to realize wafer-scale defect

characterization of SiC wafers using the above methods. Therefore, it is essential to

develop an economic, rapid, and nondestructive characterization technique for SiC wafer-

scale evaluation of structural and crystallographic defects.

In this work, an optical technique has been developed successfully to characterize the

structural and crystallographic defects in SiC wafers. A rapid, nondestructive and low-

cost visualization technique is demonstrated. The technique allows revealing of micro-

and nano-pipes as well as dislocations in basal-cut hexagonal SiC wafers. Acomparison
betweenthe results from this technique and X-ray topography, AFM,andKOHetching is

also presented.

distribution of a 6H-SiC wafer. The
presented surface area is about 0.7x0.7 mm~.

This technique offers a method of
observation of macro defects, such as
micropipes on a wafer-scale, but also

enables us to study micro scale defects, such

as dislocations, and thus offers a wide range
of possibility for material characterization in

a completely non-destructive manner. It is

especially effective for investigations of
defect distribution and density influence on
the device performance

Figure I .

Dislocation distribution in 6H-SiCwafer
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The interest in the study of the luminescence of Er ions in semiconductors is due to the

prospects of employing them in optoelectronics. To obtain a better understanding of the
defect-formation processes and the luminescence of Er3+ ions, various semiconductors have
been investigated. According to the results, the thermal quenching of the photoluminescence
(PL) intensity of Er ions decreases significantly as the gap width of the semiconductor
increases. For example, in Si:Er the PL intensity of Er ions decreases by several orders of
magnitude as the measurementtemperature is raised from 77 K to 300 K [1], whereas in

GaN:Era severalfold decrease in the intensity is observed [2]. The purpose of the present
work wasto study the optical and magnetic properties of Er-doped aluminumnitride layers.

Erbium ions with an energy E= I MeVand dose D= 5xl014 cm~2and oxygen ions with E=
T5 -2

were implanted at roomtemperature. The implanted samples0,115MeVandD=5xlOcm
were annealed in a furnace for rapid thermal annealing at 13000Cduring 30 s in a stream of
nitrogen. ThePLwasexcited by the emission of a halogen lamp and recorded by meansof a
monochromatorwith 3-nm resolution and an InGaASphotodetector operating at room
temperature. The magnetic resonance was measuredby an ER-220Delectron paramagnetic

resonance spectrometer in 3cmrange at temperature from 3.5 Kto 120 K.

Frgure I showsthe PL spectra, measuredat 80 Kand 300 K, for a AIN:Er sample. In addition

to the emission peak with a maximumat the \vavelength ~= I.536 umdue to transitions of
Er3+ ions from the first excited state 4113/2 to the ground level 4115/2, the spectra also contain a
series of small peaks in the vicinity of ~~ I um, which can be attributed to the ion transitions

from the secondexcxited state 411
l/2 to the ground state, and a broad luminescence band in the

interval ~- I .02-1
.
12 um. The Er-related PL intenslty at ~= I.536 umincreases by a factor

of 2whenthe measurementtemperature is lowered from 300 K to 80 K. Thebroad emission
band is associated with the PL of defects in AIN, since the PL intensity increases after

additional implantation of oxygen ions. The Er-related PL intensity at ~ = I .536 um in

AIN:Er is higher than that in AIN:(Er,O) by several orders of magnitude.
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Fig. I .
PLspectra of AIN:Er sample. Spectra were measuredat 80 Kand 300 K.

The magnetic resonance signals in AIN:Er and AIN:(Er,O) are observed from 60 K to 110K
and from 4.1 K to 11OK, respectively. A spectrum contains one isotropic line with

parameters strongly dependenton temperature (Fig. 2). The inversion of magnetic field is not
followed by the reproducibility of position and intensity of the line in the AIN:(Er,O) sample.
Observation of magnetic resonance at high temperatures shows the magnetic centers have

zero orbital momentum.Webelieve that the centers are forrned by lattice intrinsic point
defects. Temperature dependence of resonance signal parameters can be explained by
changes of the internal magnetic field. This field can appear due to exchange interaction

between erbium atoms, without exchange interaction with other defects. So, magnetic

resonance studies show' the presence of lattice defects surrounding the magnetically ordered
clusters of erbium ions.
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Fig. 2. Temperaturedependenciesof the line position (I,3) and line width (2,4)

for AIN:Er (I,2) and AIN:(Er,O) (3,4) samples.
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Electrical characterization of SiC/Si heterostructures with modified interfaces
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Theproblems to grow3C-Bulk crystals has retained over the years the interest to the thin filrn

heteroepitaxy on silicon substrates. Beneaththe fundamental question of the heteroepitaxial growih in

amaterial systemwith large lattice mismatch, the SiC -
Si systemhas certain attractive applications.

Thefirst is in the field of robust sensors operating at high temperatures andharsh environments. The
second is in the field of substrates for the nitride epitaxy. Thecommontechnique to growSiC on Si is

atwo step process consisting of acarbonization process f'ollowed by epitaxial growih. Thegrown
layers suffer from the high lattice and thermal lattice mismatchbetweenthese two materials leading to

high residual stresses and lattice defect densities in the grown silicon carbide layer and the

heterojunction. Theproperties oft the SiC Iayer can be improved by using one of the following

substrate modification methods: (I)silicon on insulator, (2) porous silicon, (3) modification ofthe
silicon substrate with group IV elements. Only the last methodis applicable if the electrical properties

of the heterojunction are of interest.

Tohavean insight in the influence of the surface preparation techniques on the properties of the SiC/Si

system the following methodsof creating a SiC pseudosubstrate wereused: (I)conversion of Si(1 11)
into SiC(1 11) by RTCVDusing propanediluted in hydrogen, (2) conversion of Si(1 11) into SiC(1 11)
by solid source molecular beamepitaxy, i.e. in a hydrogenpoor environment, (3) conversion of
Si(1 11)modified by Gepredeposition into SiC(1 11) by SSMBE.Onthese substrates 3C-SiC
epitaxial layers weregrownat IOOO'Cwith a growih rate of Inm/min. Thegrowih werecarried out

at Si rich conditions andcontinuously operating Si andCsources. Thestability ofthe growih condi-

tions werecontrolled by using the (3 > (1 11)SiC surface reconstruction. Thegrowih process was
monitored by in situ reflection high energy electron diffraction and in situ spectroscopic ellipsometry

in real time. Thefilms were investigated ex situ by atomic force microscopy, X-ray diffraction,. For
electrical characterization heterodiodes were prepared.

Theresults obtained showthat the epitaxial layers are characterized by a single domain3C-SiC
structure.The layers grownon RTC.VDcarbonized material shownacarbon face whereas the layers

grownonMBEcarbonized material exihibit a silicon face [IJ. In dependenceon the polarity of the

deposited layers different built in voltages wereobserved indicating onabandoffset in dependenceon
the SiC polarity on Si. For both cases it wasobserved that Gepredeposition lead to an improved
electrical properties of the forrned hetero_junction. This wasobtained for the forward direction were
the ideality factor wasimproved from I .8 to I .3 as well as for the reverse direction were the reverse

currents which decreases with increasing Gccoverage. Theobtained current-voltage andcapacity-

voltage charcteristics wereanalysed in terms of interface state densities andbandoffsets. Detailed

banddiagrams in dependenceon the interface modification methodwill be presented.

[IJ Pezoldt J., Schr6ter B.. Cimalla V.. StaudenTh., GoldhahnR., SpieBL. Mater. Sci. Forum,
353-356 (2001) 179.
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Developments in process technology and electrical characteristics of silicon carbide based
devices require precise knowledge of the charge carrier distribution in the material. Especially,

the activation of implanted species in SiC is crucial for device performance, but can not be
determined using the standard dopant profiling techniques of today. Attempts have beenmadeto

measurep-type aluminumand boron implantation profiles in 4H-SiC by spreading resistance

profiling (SRP), but the hardness andelectrical banier betweenthe probe and samplewere found
to limit the dynamic range and prevent contact formation for low carrier concentrations [1, 2].

Other types of dopant profiling techniques have also been investigated, noneof which have been
able to provide sufficiently reproducible and, in particular, quantifiable data [2].

In contrast to the results from conventional SRPhowever, wereport here of the successful
application of a novel spreading resistance methodfor wide range and high gradient free canier
concentration measurementsin SiC, namelyscanning spreading resistance microscopy (SSRM).
SSRMis a recently developed scanning probe microscopy (SPM) based technique, using an
atomic force microscope (AFM). It has previously been applied for dopant profiling/imaging in

Si [3] as well as three-five materials such as InP [4].

The SSRMset-up consists of a Digital Instruments Dimension 3100 AFMsystem with a
commercially available SSRMadd-on moduleequipped with logarithmic current amplification,

which utilizes boron doped diamondcoated tips. The arrangement enables penetration of the

native oxide by high forces and provides continuous (or single-step) one or two dimensional SR
measurements,with spatial resolution of about 30 nmand a dynamic range of up to s'even orders
of magnitude, typically 1014 to l021 cm~3[5].

Anexampledemonstrating the wide dynarnic range is depicted in Figure I (a), which shows
the averaged SSRMcurrent across an Al-doped epitaxial stair-case structure of 4H-SiC together
with the corresponding secondary ion massspectrometry (SIMS) data in (b). Thestep-heights are
in very good agreementwith SIMS, except at the highest peak, which maybe attributed to the

reduced activation and/or mobility observed for A1 concentrations > I020 cm~3[6]. It should also

be mentioned that conventional SRPmeasurementsof the samestructure had difficulties to
detect concentrations already below the maximumpeak at 2xl020 cm~3. In Figure 2 (a) the

combination of SSRMand SIMSdata has been used to produce a calibration curve, which for
the specific tip it is calibrated for, enables quantification of e.g. implantation profiles. As an
example, weemploy the calibration curve to evaluate an Al and B implantation profile of 4H-
SiC in Figure 2(b) and (c), measuredafter 10 min annealing at 1700 'C. TheSSRMdata reveals

a muchhigher resista2no ce in the highly Al doped region than suggested by the chemical
concentration of > 10 cm~3. The measuredcurrent in this region corresponds in fact to the
resistance found at a concentration as low as about 1018 cm~3in the epi layer calibration curve.
Theobservation maybe explained by the presence of remaining implantation induced defects in

the material, even after annealing. Furthermore, the long diffusion tail of B into the material can
be detected also electrically by this method, until the concentration reaches the level of the

backgroundn-type epi layer doping (2xl015 cm~3)at about 3umdepth.
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Introduction
Silicon carbide (SiC) is a wide-band-gap

semiconductor with high chemical stability at high

tempera:tures. Therefore, SiC maybe an excellent

candidate of the materials for devices which can
operate at high-temperature, -frequency or -power
conditions. However, it is generally considered

that SiC is unsuitable for theamoelectric

applications due to its rather high thernlal

conductivity. This is because the thernloelectric

figure of merit Zretains lower values for materia]s

with a higher thennal c.onductivity. Here, Z is

def~med by the equation. Z=ac~a/~:
,

where O~
,

cr
,

and rc are the Seebeck coefi~rcient, the

elecuic conductivity, and the thennal conductivity,

respectively. Toget a larg'e Zvalue it is required to

increase both a and cr
,

and to decrease rc
,

simultaneously. We tried to fttlfill these

requirernents by adopting a novel synthesizing

methodfbr SiC, in which f~ -SiC is f)abric.ated by
the carbonization of commercial Si wafers doped
with different concentrations of impurities.

Experimental Procedure
Weused 0.5 mul thick Si-wafers as a silicon

source, and graphite powdersof 99.98 o/o purity as

a carbon source. The wafers were put into a
carbon case filled with graphite powders. Thecase

wasevacuated in achamberdownto Ix I0~3Paat

600 ~C, and subsequently the chamberwas f~llled

with Ar gas of I atm. The carbonization of
Si-wafers wascarried out at 1300 "C for 24 hours.

During this process, the surfaces of the wafcrs

were carbonized, and SiC Iayers were forrned.

The crystal structure and composition of these

samples were studied by X-ray difiiaction

(XRD)and electron probe microanalysis (EPMA).
The microstructures were characterized by using

transmission electi~)n microscopy (TEM) and
field emission scanning electron microscopy
(FE-SEM). The thernloelectric properties of thc

samples were evaluated by measuring the DC
conductivity and the Seebeck coefi~1cient at

elevated temperatures (R.T.-lOOO ~C).

Experimental Results
S'truc/ure andcompo,s'ition

The XRDpattems of the carbonized samples
showedthe fbnuation of f~ -SiC on the surf)aces

of the wafers. The cross sectional SEM
observation revealed that the thickness of the SiC
layer was about 55 /1 mbeneath the original

surfaces ofthe waf~er. (Fig. I)

Fig. I Cross scction SEMn]icrogral]h ofsalT]I]Ie

Since the relative density of the f~ -SiC Iayer

was approximately 60 o/o, it is expected that the

present carbonization process has a role to make
the SiC Iayer porous. The size of SiC crystallites

and pores was estimated to be about I(~50 nm
and IO-1OO nm, respectively, by TEM
observations. In addition, HR-TEMindicated the

presence of grain boundary amolphous layers.

Thecomposition of the /~ -SiC Iayer analyzed by

EPMAwasC-rich (Si/C = 0.8) and the amount
of oxygen was rather high. The excess Si and

oxygen are assumedto be due to the presence of
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the grain boundaryamorphousphase(Si02), since

the XRDpattem ofthe ~-SiC phase showedno
apparent peakshifis.

Electrica/ Properties
It is interesting to see the effects of impurities,

already doped in the Si-wafers, on the electrical

conductivity of the SiC prepared by the

carbonization process. Figure 2 shows the

Arrhenius plots of a for two different samples.

The sample formed fiK)m the hi gh wafer

indicates higher conductivity values of the order

of 104-105 ~~Im~1,whereasthat formed from the

low wafer has low conductivity values

ranging l02-l~ ~ ~Im~i. Wlth increasing

temperature up to 600+1000~C, however, the

conductivity of these samples came to similar

values which can be fitted to a straight line.

6
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,~
'S

4
C~

3e -

eJ)
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l - --~=-- 1___ - ---] -- ----- L- ---] -.- -

2 3,530.5 1 2.5i .5

lOOOrr(K~1)
Fig.2 Arrhenius plots ot etectrical conductivity tor samples.

The temperature dependence of the Seebeck
coefficient for the SiC samples is shownin Fig.3.

Thesign of a dependedon the conduction type

of the wafer used. Anegative sign wasobserved

for the samples prepared fiom the n-type wafers,

and a positive sign was found for those prepared

from the p-type wafers, though the sign changed

to negative at high temperatures > 850 ~C. It is

also found that the samples formed from the

high~ioped wafers gave very high values of the

600,1V/KataSeebeck coefficient =
temperature range 400-500 ~C

Anexampleof the power factor P(= ot~ GF)for

the SiC sample is given in Fig.4. It is clear that ~

-SiC obtained by the present carbonization

process exhibits very large power factor values

greater than 10~3 W/inK2at 300~600~C, which is

quite attractive from a practical view point of
thermoelectrical applications.
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Conclusions

Wesuccessfillly produced porous ~-SiC on
Si-wafers by a silicon carbonization process. The
results of thermoelectric characterizations showed
that the SiC samples prepared from the

high~loped wafer have high electrical

conductivities and high Seebeck coefficients,

which may be suitable for high temperature
thermoelectric applications. It could also be

expected that the thennal conductivity of the SiC
samplesmustbe reduced extremely becauseof its

porous structure,
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Silicon carbide (SiC) has been attracting muchattention as a material for high-power,
high-frequency, and high-temperature devices. To realize the SiC devices, it is quite

important to obtain information about deep levels in SiC, since deep levels in semiconductors,
which are due to impurities or point defects, can be trapping or recombination centers and
influence device performance. Attempts to evaluate deep levels in SiC have been done and
several deep levels have been found in SiC,1) In the present work, wehave tried to observe
the distribution of deep levels in SiC by use of isothermal capacitance transient spectroscopy
(ICTS).2)

Samples used were n-type 4H-SiC (OOOl) substrate with effective carrier density
(Nd-N*) of 2.6xl017 having 8' off-angle purchased from CREE.Apart of the substrate was
cut into 12xl2 mmsquares, and a 4H-SiCepitaxial layer wasdeposited on the Si face ofthe
substrate by the low-pressure, hot wall type, horizontal chemical vapor deposition method.
Theepitaxial layer wasn-type with effective

carrier density of 2xl015 cm~3, Nickel
Schottky contact and Mg ohmic contact

T**p.~~. (K)
were formed on the Si face and on the C 150 4 o 420 400 370
face of the samples, respectively. The ICTS
measurementswere performed in I0~2 Torr ~~* Ioo

vacuumat the temperature range from 80 to ~
~470 K. The applied forward pulse voltage " 50

and the pulse width were I V and 10 ms,
respectively. Depth profiles of the deep '

olevels were obtained by changing the lo'5 I04 Io-= I0-2 Io-' Ioo lo' I02

applied reverse voltage. Time (*)

Figure I shows the ICTS spectra
observed in the substrate sample. Theenergy Fig. I .

ICTSspectra observed in the
level of the deep level showing the ICTS substrate sample at the temperature
signal wascalculated to be Ec-0.94 eV from

range from 370 to 460K.
the shifi of the peakwith temperature, where
Ec indicates the energy level of the
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conduction band. Figure 2shows the depth

profile of the concentration of the deep level

from the sample surface. This result

indicates that the deep level was uniformly

distributed in the substrate.

Figure 3 shows the ICTS spectrum
observed in the epitaxial layer at 290 K. The
calculated energy level ofthe deep level was
Ec-0.6 eV. This deep level is considered to

be due to the Zl center reported in Ref. I .

The distribution of the ZI center in the

sample is shownin Fig. 4. Theconcentration

of the Z1 center in the epitaxial layer close to

the substrate is in the order of 1014 cm~3

while it is about lxl013 cm~3at the sample

1017

S
~'

~
~o
S*sq,
i~ lOi6

~

ee e e eeeoeoeo

50 250roo 150 200
Depth frorn the samplesurface (nm)

Fig. 2. Depth profile of the concentration

of the deep level observed in the substrate

sample.

surface. This result indicates that the Zl center wasmainly introduced at the initial phase of

the epitaxial growih.

The Zl center is not always observed in the epitaxial layers grown by the CVD
apparatus. It has been observed that there in no correlation between the generation of Zl
center and bun( substrate conditions. These facts indicate that the introduction of Zl center

strongly dependson the epitaxial conditions

This work was performed under the managementof FEDas a pert of the METINew
Sun Shine Program (R&Dof Ultra-Low-Loss PowerDevice Technologies) supported by

NEDO.
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Porous silicon carbide (por-SiC) has been investigated recently becauseof its potentially

attractive properties for light emitting diodesl, efflcient photodetectors2, and as templates for

nano-structure epitaxial nucleation, and surface layer modification. Commonly, in device

technology, the silicon dioxide formation plays a significant role. Moreover, the oxidation of a

porous surface might modify the morphologyof the surface that would result in changing of the

optical and electrical characteristics of the modified surface. For these reasons, it is necessary to

understand the kinetics of the oxide growih on apor-SiC substrate.

In this research wehavebeenstudying the influence of SiC crystal orientation (carbon vs.

silicon terminated faces) on the kinetics of porous 4H-SiC substrate oxidation.

Anodization of n-4H-SiC samples purchased from CREEResearch and Bandgap

Technologies was carried out in dark modeat current densities from 10 to 60 mJVcm2in 2.5010

HFsolution for 2-10 min. After RCAcleaning, oxidation of the porous samples wasperformed

in wet oxygenat 10000Cfor 60-1 80 min.

Thecknessesof the grownoxide layers both on the porous and non-porous regions were

measuredby Dektak profilometer and by Rudolphellipsometer as well. Also, the steps between

porous and non-porous regions before and afier the oxide removal were measuredon each face

to obtain data about the oxide propagation into por-SiC. Surface morphology of porous silicon

andcarbon faces before and afier oxidation wasanalyzed by meansof AFM.
It was found that the interface between the oxide layer and a porous substrate is always

below that for non-porous substrate in both Si- and C-faces. However, the oxidation rate of

porous substrate on the both faces is less than the plain carbon face but higher than the plain

silicon face. This difference in the oxidation rates results in a thicker oxide layer grownon anon-

porous C-face than on porous carbon and silicon faces, and thinner oxide layer grownon a non-

porous Si-face than on porous carbon and silicon faces. Thekinetics of oxidation of the porous

layer is discussed in detail in this presentation
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TheAFMimages shownin Fig.1 have been taken from porous C-face before oxidation

(Fig. Ia) and afier oxidation and subsequent removal ofthe oxide layer (Fig. Ib). It is seen clearly

that afier oxidation of the porous c-face the surface peaks becomemore sharp. This surface

modification will be discussed in terms of the anisotropy character of the silicon carbide

oxidation.
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The thermal oxidation of SiC is of important for the fabrication of metal-oxide-

semiconductor structure and the insulating layer on SiC devices. The growih rate of Si02
layer on SiC due to the thermal oxidation is muchslower than that of Si even at temperature
of 1150 oC. Onthe other hand, it has been reported that Si can be oxidized by the plasma
oxidation at extremely low temperature as low as 400 'C[1]. It is expected also that the

plasma oxidation of SiC is useful to form the Si02 Iayer on SiC at low temperature. In this

study, wereport the plasmaoxidation of SiC at temperature below 300 ~C.

Samplesused in this study were (OOOl)-oriented n-type 6H-SiC epitaxial layer (net

donor concentration: I x I016 cm~3) grown on n-type substrate, which were provided from
Cree Research. Figure I schematically illustrates a microwave-equipmentused in this study,

in which the introduced gas is discharged by microwave from 2.45 GHZmagnetron at a
power of 500 W. After a sacrificial oxidation and HFtreatment of sanrple, the 02-plasma
oxidation wascarried out with a 02 flow of 0.4 sccmandAr flow of 5.6 sccmat apressure of

1OO mTorr. In order to estimate the temperature dependence of oxidation rate, the

temperature of sampleswere ranged from 100 to 300 oC. Thecomposition ofthe growih layer

wasevaluated by using X-ray photoemission electron spectroscopy (XPS) with MgKa X-
ray. Thethickness of grown layer wasevaluated by meansof elipsomety.

Figure 2showsXPSspectra of Si2p, Cls, and Ols electrons taken from the Si-face

sample, which wasprocessed for 20 min at the temperature of 200 *C. Thebinding energies

of Si 2p andOIs in the growth layer were evaluated to be 103 and 532 eV, respectively. The
obtained binding energies of Si 2p and OIs in the grown layer are identical to those of the

thermally oxidized layer of SiC. It is concluded that the growih of Si02 Iayer on SiC can be
achieved by 02 plasmaprocessing at 200 *C. Also, it should be noted that there are no singles

attributed to Catoms in the plasma-grownSi02 Iayer. At the surface, the binding energies of
Si andOmaybe influenced by Ccontaminations. At the interface, the binding energies of Si

2p and C Is are lower than those in SiC. Since the binding energies of Si 2p and C Is

correspond to those of Si crystal and graphite, respectively, it is suggested that the

dissociation of SiC at the interface between Si02 and SiC is caused during the plasma
oxidation.

Figure 3showsthe oxide thickness as function of the oxidation time. The oxidation

rate for the dry thermal oxidation at 1150 oC for Si-face of 6H-SiC is also shown. For the Si-

face sample, Si02 Iayer with a thickness of 74 nmwasobtained afier the plasmaoxidation for

20 min, while that for the thermal oxidation wasevaluated to be 2umfor Si-face of 6H-SiC.
Furthermore, the oxide thickness for C-face is thicker than that of the case of Si-face. The
larger oxidation rate of Cface than Si-face in 02 plasmaoxidation is similar to the case ofthe
thermal oxidation of (OOO1)-oriented SiC. The oxidation time dependencesof the oxide
thickness for Si- and C-face showthe slope of I .5 and 0.72 below 30 min and 0.4 and 0.2

above 30 min, respectively, while the slope of thermal oxidation is estimated to be I .O. For
the plasmaoxidation of C-face SiC sample, the obtained slopes are in goodagreementwith
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those in the case of Si. The initial growih with a slope of 0.72 is connected to both Si-Si02
interface reaction controlled and diffusion controlled in the Si02 Iayer, while the growih with
a slope of 0.2 has beencorrelated to the Cabrera-Mott model [IJ.

Theplasmaoxidation of Si-
face SiC sample shows2times larger slopes than the case of C-face. It is suggested that the
unknownphenomenaare involved in the plasmaoxidation of Si-face. The activation energy
of the plasmaoxidation of 6H-SiCwasestimated to be about 0.04 eV for both Si- and C-face
in the temperature range from IOOto 3OOoC

.
The low activation energy indicates that the

plasmaoxidation is dominantly activated by 02 plasmaprocessing of SiC.
In sununary, the low-temperature oxide growth on 6H-SiCwasobserved at extremely

10wtemperature of 200 'C with the muchfaster growth rate, as comparedto the case of the
thermal oxidation at 1150 "C, which is useful to the rapid oxidation of SiC at low temperatute
[l] Y. Kawai, N. Konishi, J. watanabe, and T. Ohmi, Appl. Phys. Lett. 64, 2223(1994).
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Channel mobility in 4H-SiCMOSFETSis rather low regardless of the high bulk mobility.

Onecause of low channel mobility is attributed to the capturing of carrier electrons by the

manyinterface traps that are present in 4H-SiC MOSstructures [IJ.
This paper describes an

effective way to reduce interface state density, Dit, using a stacked gate oxide having two
layers. Improvedchannel mobility has beenachieved with this stacked gate oxide.

Figure I shows a dependenceof Dit on the thickness of thennally grown oxide. The Dit

distribution as a function of energy from the conduction bandwasmeasuredwith the high-low

CVmethod. A4H-SiC (OOO1)n-type epi-wafer (Nd = 3x 1016cm~3)wasused and the thermal

oxide wasgrown at 1100 ~C. It is seen that Dit in the Si02/4H-SiC interface increased as the

thermal oxide becamethicker. Figure 2showsa comparison of Dit between samples using

either the thermal oxide or the stacked gate oxide. The stacked gate oxide was created in a
three-step process. First, a high quality thermally grown oxide was formed to a thickness of

about 20 nm. Thenan additional 30 nmof non-doped silicate glass (NSG)wasdeposited by

CVD.Thestacked oxide wasthen annealed at 1000~Cfor 30 minutes in a H2or N2atmosphere.

Thehighest Dit value wasobserved near the conduction bandedgeof the sample with the 50-

nm-thick thermal oxide. N2annealing wasmoreeffective for reducing Dit of the stacked oxide

than H2annealing and the lowest Dit value wasobtained from the stacked oxide that wasN2
annealed at 1000~C for 30 minutes.

Planar 4H-SiC accumulation-mode MOSFETS(ACCUFET)with a thermally grown oxide

or a stacked oxide were fabricated on p-type epi-layers (Na = 3XI016cm~3) grown on n-type

(OOO1) Si-face substrates. Figure 3 shows a cross sectional view of the ACCUFET.The
channel length and width were 3and 100 ,1 m, respectively. Source and drain regions were
formed by phosphorous ion implantation and nitrogen was implanted in the channel region at

800 ~C with a total dose of 2.2x 1012 cm~2. The regions were activated at 1600 ~C for 20

minutes in Ar. Thethermally grownoxide wasformed at 11OO~C to a thickness of 50 nm. The
stacked gate oxide consisted of a 20-nm-thick thermal oxide and 30-nm-thick NSG.The
samplewith the stacked oxide was then annealed at 1000 ~C for 30 minutes in N2. Theohmic

contacts for the source anddrain wereTi/AI and the gate electrode waspoly-Si.

Figure 4showsthe ID - VDcharacteristics of the ACCUFETwith the stacked gate oxide. The
accumulation layer channel mobilities (/1 FE) of the samples were calculated with Eq. (I)and

plotted with the gate voltage in Figure 5.

l!FE = Gm'Lg/(W'Cox 'Vd) at Vd= 0.1 V (1)

Higher channel mobility of 35 cm2Nswas obtained using the stacked gate oxide compared
with 2Icm2Nsfor the thermal oxide only. Vth of the stacked oxide AdcUFETwas 0.3 V,

while that of the thermal oxide ACCUFETwas I .O V. This indicates that more negative

charges existed in the MOSstructure with the thermal oxide only than with the stacked oxide.

These negative charges mayhave been electrons captured by acceptor-like interface traps.

Since 4H-SiCACCUFETSWith a stacked gate oxide have lower density of electron traps, they

can achieve higher channel mobility than ACCUFETSWith a thermal oxide only.
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SiC MOSFETSare attractive switching devices in high-power and high-temperature
electronic field. However, poor inversion mobility in the n-channel SIC MOSFETSrs a
serious problem especially in the 4Hpolytype. Several groups have reported that channel
mobility is affected by an anomalously high interface trap density (Dit) near the conduction
band edge (E.)

.
In this work, weevaluated the Dit near E, by making capacitance-voltage

(C-V) measurementsfor gate-controlled diodes (GCDs)[1]. Measurementsof GCDScan be
performed with MOSFETS,it makespossible a direct characterization between the interface

traps andMOSFETchannel mobility.

N-channel MOSFETSWere fabricated on p+ substrates with either a p-type 4H- or
6H-SiChomo-epitaxial layer (Si-face, NA-ND-5xl015/cm3),purchased from CREEResearch.

Source and drain regions were formed by phosphorous ion implantation. Agate oxide 40~2
nmthick wasgrownat 1200'C in dry or wet 02. Post-oxidation annealing wasperformed for

somesamples in pure hydrogen at 800'C for 30 min (H2 POA) [2] or in wet oxidation

ambient at 950'C for 180 min (wet re-oxidation annealing; wet ROA)[3]• The pf' values for

the MOSFETSprepared using various gate-oxidation procedures are summarizedin Table I.

The data listed there are the average values for 30 MOSFETSprepared on the samewafer.

Thewet ROAtreatment improved the 14f' muchmorethan H2POA.
The C-Vmeasurementof the GCDSWasperformed with a frequency of 20 Hz at room

temperature. Ar source and drain regions were tied to the p-type substrates during the

measurements.As in the operation of n-channel SiC MOSFETS,the minority carriers were
available from the adjacent n' regions. Typical C-Vproperty for the 4H-SiC GCDwith the

dry-oxidized gate oxide is shown in Fig.1. This curve show a clear accumulation and
inversion property with somepeculiar structures similar to those in the curves reported in

Ref.4, where the "hook and ledge" feature of the curves wasattributed to the charge trapping
in the interface states. Occurrence of the strong inversion at the SiC surface is shifted from
point Bto Cdue to the existence of the deep interface traps, the surface potential lg!s=2qfB at

point C(1g!B : bulk Ferrni potential).

Here wedefine the difference between the gate voltages at Cand Das Vc-D, where the

capacitance at point D is equal to the flat band capacitance. The surface Fermi level moves
toward the conduction bandedgeas increasing the gate voltage from point Cto D.

Thevalues
of the E.-EF at the SiC surface were calculated to be about 0.2 and 0.1 eV at point Cand D,
respectively. The interface trap density Nit Within the energy range of E.-E-O. 1-0.2 eVcan be
estimated from Ni, = C.. x AVc-D/q,

whereAVc-Dis the difference of the Vc-Dbetweenthe

experimental and theoretical value, C~* is the oxide capacitance per unit area and q is

electronic charge.

Thevalues of Nit Werecalculated for all the devices whosel/f, values are listed in Table I,

and the normalized channel mobility /~f'lpb~lk of the MOSFETSis plotted in Fig.2 as a
function of Nit. Thevalues of the pb~lk used for the normalization were 800 cm2/Vsfor 4Hand
400 cm2/Vs for 6H. A close correlation between the channel mobility and shallow trap
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density is clear in this figure. The pf*//4b~lk Of the MOSFETSis rapidly reduced as increasing
Nit independent on the polytype and the preparation procedures. Therefore, this correlation
strongly indicates that the significant cause of the low inversion channel mobility of SiC
MOSFETSis the high density of shallow traps betweenthe E* and the surface Fermi level at

strong inversion. Our results are further evidence that the degraded channel mobility is

caused by the reduction of the free carrier density due to the charge trapping in the shallow
traps and the consequent Coulombscattering by the negatively charged traps[5].

This work wasperformed under the managementof FEDas a part of the METINewSun
Shine Program(R&Dof Ultra-Low-Loss PowerDevice Technologies) supported by NEDO.

[1] A. S. GroveandD. J. Fitzgerald, Solid State Electron. 9, 783 (1966).
[2] K. Fukudaet al,, Appl. Phys. Lett. 76, 1585 (2000).
[3] L. A. Lipkin and J. A. Palmour, J. Electron. Mat. 25, 909 (1996).
[4] S. T. Shepperdet al., IEEETrans. Electron Devices ED-41, 1257 (1994).
[5] N. S. Sakset al., Appl. Phys. Lett. 76, 2250 (2000), Appl. Phys. Lett. 77, 3281(2000).

Table I. The field effect mobility pf' in 4H- and6H-SiCMOSFETS
with different gate-oxide preparation procedures.

Oxidation Post annealing uf* (cm2Ns)

4H 6H

Dry
None

H2POA
WetROA

6.2

7.4

24.8

38.5

38.3

76.3

Wet
None

H2POA
WetROA
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In this work the wet thermal oxidation of ion amorphised6H-SiCwasstudied at temperature
lower than I IOOoC.TheRutherford Back-Scattering technique in the Channeling geometry

wasused to characterise the as-implanted and thermally treated samples.

6H-SiCon-axis and off-axis, p-type andn-type bulk substrates were ion implanted by Ar+ at

fiuence andenergy values such to produce an amorphoussurface layer less than 200nm
thick. Thesesampleswere thermally oxidised in awet ambient for different temperatures and
time intervals in the ranges 750-1 1OO'Cand 15- 40 min, respectively. Somepolycrystalline,

mostly 3C-SiC, andcrystalline 6H-SiCsampleswerealso processed for comparison.
Fig, I comparesthe oxide layer thickness grownfor increasing temperature and fixed time
(30 min) on samples ion amorphised, ion amorphisedand re-crystallised, i.e. mostly
polycrystalline 3C-SiCas described in [IJ, and crystalline 6H-SiC. For the amorphous
samplestwo temperature intervals were identified: below andabove9000C,wherethe
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and single crystal SiC for different annealing temperatures andconstant
anneling time. Therich oxygenambient is wet.
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oxidation rate were, respectively, fast andslow. Thecomparisonwith the reference samples
showsthat the trend above900'C fits that ofthe polycrystalline samples, while below
900'Cit is muchhigher. Overall the temperature range the 6H-SiCphaseshowedthe lower
oxidation rate. Thedata about the ion amorphisedsampleswere independent on substrate

type andorientation.

Thehypothesis of an epitaxial regrowth of the ion amorphised6H-SiCat a temperature as
low as 9000Ccan explain the trend of Fig. I .

In fact, the drop of the oxidation rate at 9120C
maybe due to the touch betweenapolycrystalline regrowth front andon oxide one. The
analysis of samplesoxidised at 900'C for different time confirmed such hypothesis.

[IJR, Nipoti and A. Parisini, Phylospphical MagazineB80 (2000) 647-659

- 140-



Technical Digest oflnt 'l Conf on SiC andRelated Materials -ICSCRM2001-,Tsukuba, Japan, 2001 MoP-40

Study of Surface Morphologyand Chemistry of 4H- and 6H-SiCAfter Cyclic Oxidation

Robert S. Oko'iel
,
Dorothy Lukco

,
andLuannKeys

lNASAGlenn ResearchCenter, 21000Brookpark Road, Mail Stop 77-1, Cleveland OH,44135;
Phone: (216) 433-6522; Fax: (216) 433-8643. E-mail:robert.oko'ie@ rc.nasa.~ov;
2AYTCorporation, Fairview, OH

Abstract
In-depth Atomic Force Microscope (AFM) and X-ray Photoelectron Spectroscopy (XPS) studies

were performed on the surface morphology and chemistry of heavily dopedn-type 6H- and 4H-SiC
epilayers after cyclic dry oxidation and oxide removal in 49~;~c HF, and pirhana clean (p-clean). The
objective was to determine the fundamental differences and changeson the surface morphology and
chemistry between the two polytypes after similar oxidation and oxide stripping processes. The goal

of this oxidation study was to identify the optimum surface quality that would support improved
homogeneouselectrical contact interface characteristics across the wafer. The result shows that the

progression toward smoother surface morphology is tracked by the disappearance of C Is binding

energy spectral peaks due to adventitious carbon and related compounds.
AFMscans of I cm2samples measuredat five locations showedthe 6H-SiC roughness to

average RMS= 0.58 nm(Fig. Ia), followed by an of average RMS= 0.54 nm(Fig. Ib) after the first

four-hour 11500Cdry oxidation/HF strip/p-clean. The second five-hour oxidation/HF strip/p-clean

had an average of RMS= 0.4 nm(Fig.1c). For the 4H-SiC, the as-received sample had an average
roughness of RMS=0.39 nm(Fig. 2a), and after the first oxidation/HF strip/p-clean the average was
RMS=0.26nm(Fig. 2b). The roughness after the secondoxidation/HF strip/p-clean wasmeasuredas
0.31 nm(Fig. 2c).

The XPSsurvey spectra of the chemical species on the surface of both polytypes after each

process cycle are shownin Figs. 3a and b. The as-received samples showup to 2.5 at. (;~o chlorine
(origin unknown)present on the surface. The chlorine concentration dropped below detection limits

(0.1%) after the first four-hour oxidation/HF strip/p-clean. In the CIs spectra of both the as-received
6H- and 4H-SiC shown in Figs. 4a and b, respectively, additional C Is peaks at higher binding
energies can be seen in addition to the primary carbide peak at 282.7 eV. After the first four-hour
oxidation/HF strip/p-clean, the XPSC Is spectrum of the 6H-SiC polytype still showsadventitious
carbon as a higher binding energy shoulder while the CIs spectrum of the 4H-SiC, on the other hand,
showsa muchcleaner carbide peak with minimal shoulder. The result in 6H-SiC was reproduced in

three different sample sets. After the secondoxidation/HF strip/p-clean, the three 6H-SiC sample sets

looked morelike the single carbide peak observed in 4H-SiCafter only one oxidation.
It is not clear at the momentwhy the 6H-SiC samples required two oxidations and 49%HF

stripping cycles to stabilize its surface (i.e. eliminate the extra C Is shoulder) while the 4H-SiC
required only one. It is worth noting that after the first oxidation, the 4H-SiC achieved a surface
roughness equivalent to a Si-C bilayer step height (0.25 nm)while 6H-SiC has an average roughness
equivalent to about a two Si-C bilayer step height. Reaction kinetics are knownto be surface area
drivenl

.
In this particular experiment, the 4H-SiCwill offer less area for adventitious reactions to take

place after the first oxidation cycle. Wewill discuss these issues in broader terrns within the context
of relationships between surface morphology, surface chemistry, and the observed orientation

dependencyof specie concentration.

References
l. MacNeu,D. D., Larcher. D., and Dahn, J. R. "comparison of the Reactivity of Various CarbonElectrode Materials

with Electrohyte at Elevated Temperatures." J. Eiectrochem. soc., 146 (Io), p3596-3602(1999).ORAL(Processing)
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Insulators on SiC are easily madeby thermal oxidation process similar to the fabrication

process of Si metal-oxide-semiconductor (MOS) technology. This is one of the most
important characteristics of SiC for device applications. In order to realize SiC MOSdevices

with high performance specifications, it is important to fabricate the Si02/SiC interface with

fine electrical properties. Afew years ago, it wasreported that the electrical characteristics of

SiOdSiC interface are improved by the annealing in steam at 950'C for 3 hours

(re-oxidation) [1]. Howeverthe re-oxidation is not optimized at present. In this conference,

wepropose the successive annealing of oxides in steam at different temperatures and report

the decrease of interface defects in oxide layers of 4H-SiCMOSstructures.

The4H-SiCchips (5-mmin squire) with epilayers were madeby cutting from 2-in. n-type

(OOO1)wafers purchased from Cree Research Inc. The substrates were boiled with acetone

and sulfuric acid to degrease their surfaces, and then sacrifice oxidation wasperformed twice.

Thereafter, pyrogenic oxidation was carried out at 1100'C for I hour to form gate oxide

layers of approximately 25 nmin thickness. At the final stage of the oxidation, annealing in

steam at 950'C for 3hours wasperformed and that at 800'C for 3hours was successively

carried out (successive annealing in steam). The successive annealing profile is shown
schematrcally in Fig.1. After the process,

c~
E

HQ'

lIOO'C
lh

800'C
10 min

DryO~ Pyro.

950'c
3h

3h
Suc~ssive

Steam
anneal in

oc

---~ Time

Fig.1 Successive annealing profile.

gold was deposited thermally on the oxide

layers to form gate electrodes of 25 nmin

thickness. To makean ohmic electrode, the

oxide layers on the backside of substrates

were removed and aluminum was
evaporated on the bared surface of the

substrates. The simultaneous CV (SCV)

characteristics were measured for the

4H-SiC MOSstructures to obtain the gate
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for 3 hours. For SCVmeasurements, MOSstructures

were illuminated with a low-pressure mercury lamp to

induce an inversion layer before sweeping the gate
voltage.

notations Cib and CLg indicate the capacitance values corresponding

condition and the ledge of the high-frequency CVcurve swept from negative to positive gate

voltage side, respectively. There is a split near the

high-frequency CVcurves. This indicates that the interface traps exist around the mid-gap

region. The difference in gate voltages at CLg level is found to be about 1.8 V. The

high-frequency CVcurve obtained by illumination winds downnear the ledge and the

quasi-static CVcurve has a narrow valley near the region. The winding curve meansthe

minority carrier redistribution [2]. Thesesuggest that the numberof interface traps near the

valence band edge is scarce. Thenarrow valley and the winding for the SCVcharacteristics

were not observed for the sampleannealed in steamat 950'C for 3hours only. Onaccount of

the difference, the numberof interface traps near the valence band edge can be concluded to

decrease by the successive annealing in steam. Thesuccessive annealing is effective method

for the fabrication of MOSstructures with fine electrical property.
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the conduction band edge. The
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interface traps per unit area
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Since silicon carbide (SiC) has a strong radiation resistance[1], it is expected to be
applied to electronic devices used in harsh radiation environments such as space. In
the development of radiation resistant devices based on SiC, it is both important to

improve their electrical characteristics before irradiation and to understand the
degradation of the electrical characteristics of SiC devices due to irradiation. Recently,

we have demonstrated that the electrical characteristics of SiC MOSFETSare
improved by hydrogen (H2) or steam annealing of the gate oxide just after the
oxidation process[2]. Since the radiation response of MOSFETSStrongly dependson
the fabrication process of gate oxide, wehave studied the influence of Y-ray irradiation

on the electrical characteristics of SiC MOSFETSof which gate oxide wasformed with
different post-oxidation annealing conditions.

The MOSFETSused in this study were fabricated on p-type 10 umthick epitaxial

6H-SiC films grown on 6H-SiC substrates (3.5" off. Si-face). The net acceptor
concentration of the epitaxial films ranges from 5xl015 to lxl016 /cm3. The source and
drain of the MOSFETSWereformed using phosphorous ion implantation at 800 'C and
subsequently annealed at 1500 "C for 20 min in an Ar atmosphere. Thegate oxide was
fabricated by pyrogenic oxidation (H2:02 = 1:1) at 1100 "C for 60 min. Steam
annealing for the gate oxide wascarried out at 800 "C for 30 min in the sameambient
as the pyrogenic oxidation. Hydrogenannealing was carried out at 700 ~C for 30 min
at a pressure of 20 Torr. The thickness of the gate oxide was determined by C-V
measurements.The gate length and width of the MOSFETSare 10 umand 200 um,
respectively. Gamma-rayirradiation wasperformed up to 530 kGy(Si02) at a rate of
8.8 kGy/h at room temperature (RT) During the irradiation, no electrical bias was
applied to the gate, the drain and the source of the MOSFETS.The electrical

characteristics were measuredat RTunder dark conditions. The channel mobility (,1)

of the MOSFETSWasderived basedon the following procedures: First, the values of ,1

were estimated from the linear region of the drain current (ID) versus drain voltage
(VD) curves in various gate voltage (VG). Then, the best value obtained frorn the VG
dependenceof ,1 wasused as the value of ,1 in this study. The threshold voltage (VT)

was determined as the value at the intersection between the VG axis and the line

extrapolated from the curve of the square root of the drain current (ID). Here. SiC
MOSFETSwith H2-annealed gate oxides and steam-annealed gate oxide are referred to

as SiC(H2) MOSFETSand SiC(H20) MOSFETS.
Figure I shows the absorbed dose dependenceof u for SiC(H20) and SiC(H2)

MOSFETS.The value of u in the un-irradiated SiC MOSFETfabricated without post-

Permanentaddress: ResearchLaboratory for Surface Science, Faculty of Science,
OkayamaUniversity, 3-1-1 Tsushima-Naka,Okayama700-8530, Japan
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oxidation annealing (un-annealed SiC MOSFETS)is also shownas the broken line.

Before irradiation, ,1 for both SiC(H2) and SiC(H20) MOSFETSWas52 cm2/Vs. As for

SiC(H2) MOSFETS,the value of kt decreases at doses above 60 kGy(Si02)' and
becomes28 cm2/Vsat 530 kGy(Si02)' Onthe other hand, ,l for SiC(H20) MOSFETSis

not changedup to 200 kGy, and at 530 kGy, the value of pt is 35 cm2/Vs.
Figure 2 shows the absorbed dose dependenceof VT for SiC(H20) and SiC(H2)

MOSFETS.The value of VT for SiC(H2) MOSFETSdecreases slightly at 17 kGy, and
increases with increasing absorbed dose above 17 kGy. The change of VT by
irradiation up to 530 kGy is 2.2 V (from 0.9 to 3.1 V). With respect to SiC(H20)
MOSFETS,VT decreases slightly with increasing absorbed dose below 34 kGy, and
slightly increases with increasing absorbed dose once above 87 kGy. Thechangeof VT
by irradiation is only within 0.6 V (2.7 to 3.3 V). For the radiation resistant devices,
the stability of their electrical characteristics such as VT under irradiation is very
important. Thus, our results suggested that the radiation resistance of SiC(H20)
MOSFETSis higher than that of SiC(H2) MOSFETS.

References
[1] H. Itoh et al.: Amorphousand crystalline silicon carbide 111, ed. G. L. Harris et al.

(Spring-Verlag, Berlin, 1992) p.143.
[2] T. Ohshimaet al.: Mat. Sci. Forum338-342 (2000) p. 480.
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SiC MOSFETSare expected as switching devices because of its high-speed ability. The

field-effect channel mobility (uFE) of 4H-SiCMOSFETSis predicted to be higher than that of

6H-SiC because of higher bulk Hall mobility of 4H-SiC. However, actual uFE of 4H-SiC

MOSFETSis muchlower than that of 6H-SiC MOSFETS,which is originated from higher

interface state density(Dit) at Si02/4H-SiC interface. Yano et al. reported the effective

mobility as high as 30cm2/Vsfor 4H-SiCMOSFETSon (1 120) face [1]. However, this value

is not sufficient for the reduction of on-resistance (R~*) of 4H-SiCpowerMOSFETSwith the

relatively low blocking-voltage below lkV. In this work, wehave researched the effect of

oxidation methodand post-oxidation annealing (POA)on the Dit of MOScapacitor formed

on 4H-SiC (1 120) face.

N-type 4H-SiC (1120) bulk substrates were purchased from Cree ResearchInc. The three

n-type epitaxial layers were grown on bulk substrates. The thickness and effective carrier

density (Nd-N.) ofbottom layer are I.5umand lxl018 cm~3. Thoseof middle layer are 0.5um

and lxl017 cm~3. Those of top layer are 0.1um and 5xl015 cm~3, respectively. The RCA
cleaning wascarried out, Next, a sacrificial oxide of 10nmthickness wasgrown, and then it

was removedwith 50/0 HFsolution. Oxide films were thermally grown at 1150'C in dry 02

(dry oxidation, samples (a),(c) and (e)), and in H20 vapor atmosphere (wet oxidation,

samples (b),(d) and (O)• The thickness ofthe oxide film was50 ~ 5nrn. After both oxidations,

all samples were annealed in argon for 30 min at I150'C. In addition, the samples (c) and (d)

were annealed in H2 at 800'C for 30 min. The samples (e) and (D were annealed in H20
vapor atmosp,here at 750'C for 3h. Aluminumon the top of the oxide films and on the back

ofthe samples wasevaporated to makegate electrodes and ohmic contacts, respectively. The
Dit estimations were performed using high-low technique and a K182system.

Figures I and 2showthe Djt distributions ofthe samples (a)-(~• The Dit ofthe sample

on (OOO1)face with dry or wet oxidation following Ar aunealing at 1200'C are also shown
for comparison. In the case of samples with the dry oxidation, the Dit of sample(a) on (1 120)

face with only Ar annealing is muchhigher than that of sample on (OOO1)face. This suggests

that the uFEof 4H-SiC MOSFETSon (1 120) would be lower than that of 4H-SiC MOSFETS
on (OOO1)face. As shownin sarnple(c), the H2 POAdecreases the Dit in the shallow level

from the conduction band edge (E.). The Djt becomesthe samevalue as that of (OOO1)face
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near E.-E =0.2eV. However, at the Ec-E=0.6eV, the Djt is one order of magnitude higher than
that of sample on the (OOO1)face. The H20POAdecreases the Djt in the energy level from
0.2eV to 0.6eV (sample(e)), which results in the almost samevalue as that of (OOOl) face.

Hence, it is considered that the H20POAmuchimproves the uFEof sample with the dry
oxidation. Onthe other hand, in the case of samples(b),(d) and (D with the wet oxidation, the

Dit in Ec-E 0.3eV is muchlower than that sarnple on the (OOO1)face. This is the reason
whythe uFE of 4H-SiC MOSFETSon (1 120) face with the wet oxidation is higher than that

on (OOO1)face as reported by Yanoet al. The H20POAreduces the Dit in the energy level

from 0.2eV to 0.6eV (sample (D)• Moreover, H2 POAreduces the Dit in the energy level

deeper than 0.35eV(sample(d)). This meansthe H2POAmuchimproves the uFEofMOSFETS
on (1120) face. Indeed, wefound that the uFEreached 11Ocm2/Vsusing the wet oxidation and
H2POAtechnique[2]. Therefore, both the wet oxidation and H2POAtechnique is excellent

for the gate-oxide formation process of 4H-SiCMOSFETSon (1 120) face.

References
[1 JYanoet al. IEEEElectron Device Lett.vol.20, 611(1 999).

[2] Senzaki et al, subrnitted to ICSCRM2001
.
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SiC-based metal-oxide-semiconductor field effect transistor (MOSFET)is one of the

candidates for high powerand high frequency electric device applications, becauseSiC can be

thermally oxidized to fonn a Si02/SiC structure. Arnong manySiC poly-types, recent

interesting has shifted to the 4H- from 6H-SiC, because the former has higher electron

mobility with its small anisotropy. However, the chaunel mobility of 4H-SiC(OOO1)based

MOSFETSis far below the predicted value from 4H bulk electron mobility. It has been

reported that a wet re-oxidation treatment after gate oxide formation is effective to improve

the low channel mobility of 6H-SiC MOSFETSby several researchersl. In this study, we
applied the wet annealing treatment with various conditions to 4H-SiC(OOO1)MOSFETSand

investigated the dependenceof the MOSFETcharacteristics on those conditions.

N-channel MOSFETSWere fabricated on the 8' off angled p-type 4H-SiC(OOO1)

substrates with p-type epitaxial layer from Cree Research Inc. Effective doping density

(Nd-N~) of the epitaxial layer was about 5xl015 cm~3. The channel length and width were

100 and 150 um, respectively. Source and drain were formed by phosphorous ion

implantation and an activation annealing for the implanted layer wasconducted at 1500'C for

5min. Gate oxide was formed at 1200'C for 140 min in dry 02 ambient following a post

oxidation annealing (POA) in Ar ambient at the same temperature. Wet re-oxidation

annealing (wet ROA)wascarried out after the Ar POAon various conditions, (a) at 950'C for

180 min, (b) at 850'C for 180 min, (c) at 1050'C for 180min, (d) at 950'C for 60 min. A1

was evaporated as both the gate metal and the contact metal for source and drain. No
contact annealing wasdoneafter the A1deposition.

Figure I showstypical drain current-voltage (Id- Vd) characteristics of FET(a), where the

gate voltage (Vg) changed between Oto 12 V with 3V steps. The Id-Vd characteristics

exhibit good linear and saturation regime, and positive threshold voltage (Vth)' This trend

wasobserved for all FETSfabricated in this study (not shownhere). A field-effect mobility

(uFE) wascalculated from the slop of the Id Versus Vg characteristics. Fig. 2showsa typical

uFE as a function of Vg at Vr~100mVfor FET(a)-(d). The peak values of uFE depend

extremely on the wet annealing conditions. That is, the uFEvalue increased critically on the

FET(a) of 38 cm2/Vsand no significant improvementswere observed on the FETs(b)-(d) of
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8-9 cm2/Vscomparedwith those of standard SiC MOSFETS.This dependenceof the uFE

wasrelevant to the measuredeffective charge density of the MOScapacitors formed on each

test elemental group. The Vth Wasextracted from the intercept on Vg axis madeby the

tangent line of Idl/2_Vg Plot at Vr~lOV. The average value of upE, Vth and usat was
sumrnarized on the table I. Thus, it was found that the wet ROAimproved the channel

mobility of4H-SiC MOSFETSand the effects largely dependon the annealing conditions.

Another interest of this work is whythe channel mobility increased by the wet ROA.
Recently, it wasreported that the wet ROAcauseda conformational change in the structure of

the Si021SiC and resulted in converting the Si-Si transition layer into Si02 thereby shortening

the transition region2. To exarnine whether the effects of the wet ROAremain after the

following annealing in inert gas ambient, Ar annealing at IOOO'Cfor 30min was conducted

after the wet ROAat 950'C for 180min. The peak value of uFE after the Ar annealing

reduced approximately one-third of that for FET(a). This suggests the wet annealing

treatment seemsnot to be irreversible effects such as the structural change as mentioned

above and/or the removal of the interfacial carbon rich region3. Webelieve that the wet

annealing causes somesort of inactive effect by -H and/or -OHtermination and the effect

was diminished by the following Ar annealing. This work was performed under the

collaboration of AISTand FEDas a part of the METINSSprogram(R&Dof Ultra-10w-Loss

PowerDevice Technologies) conducted by NEDO.
References I For example, L. A. Lipkin et al., J. Electron. Mater. 25, 909(1996)., 2.G. G.

Jernigan et al., Appl. Phys. Lett. 77, 1437(2000)., 3K. C. Changet al., Appl. Phys. Lett. 77,

2186(2000).
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4H-SiC semiconductor has the excellent physical characteristics for power-application

devices. However, 4H-SiCMOSFEThave never realized the ideal on-resistance performance

becauseof the very low channel mobility. Oneof the origin for the low channel mobility is the

high interface trap density, especially at the interface energy near the conduction bandedge[l].

R.Schomeret al. reported that the residual carbon at MOSinterface might makethe interface

trap density high [2].

In this paper, the reduction of the residual carbon and of the interface trap density have

been realized by the thermal oxidation at high temperature (higher than 1200~O.

Wereported that a carbonized layer on 4H-SiC Si-face, on which a thermal oxide layer on
Si was located as face to face, can be reconstructed to SiC[3]. Thecarbonized layer wasmade
by the Si sublimation in Ar ambience(50mTorr) at 1600~C.Gibbs free energy of the chemical

equation(1) indicates that the carbon and the oxide should be SiC at high

temperature(> 1200~~)condition.

Si02+3'C - ' ' ' ' '(1)SiC+2•CO'' ' '

Thereconstructed SiC should be madeby the reaction betweenthe carbon layer and the oxide.

If the reconstruction velocity from carbon and Si02 to SiC is sufficiently larger than the

generation velocity of the residual carbon, the generation of the residual carbon during the

oxidation process should be vanished and the interface trap density will be reduced. So, we
carried out the high temperature (> 1200~Ooxidation.

Wefabricated the MOSdiodes for estimating the residual carbon and the interface trap

density. 4H-SiC epitaxial wafers with (OOO1)Si face were prepared. The gate oxides were
thermally grown in wet or dry 02 ambienceat 1080- 1250~C. The oxide thickness is about

40nm. The gate electrodes and the back-side ohmic contacts are Al and Ni (annealed at

1OOO~C), respectively.

The residual carbon at MOSinterfaces were analyzed by the low-take-off angle XPS
method, after removing the oxides by HF. The low-take-off angle ( ~15' )XPSmethodcan

estimate the binding energy of the atom at only the SiC surf~ce(electorn escape depth ~
0.3nm). The residual carbon at the interface of the 1250~C dry oxide is 40%Iower than the

one ofthe 1080~C wet oxide.
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Figure I shows the interface trap density (Dit). Dit wasestimated from the Capacitance-

Voltage measurementsand Hi(100kHz)-Low methodat RT. The voltage scanning rate of the

C-Vmeasurementwas O. IV/sec. It clearly shows that the Dit is more reduced as higher the

oxidation temperature in both ambience, wet and dry02. However, the Dit in wet and dry02
ambience is different. It is not cleared whythe phenomenatook place, but weguess that the

ratio between the reconstruction velocity and the the oxidation velocity might be different in

the oxidation ambiencebecause the oxidation velocity in wet ambienceis muchlager than the

one in dry02 ambience.

In conclusion, the oxidation process at higher temperature than 1200~C reduce the residual

carbon and the interface trap density(Dit). Especially, the Nit (which is integrated Dit between

l .O- I.4eV) of the oxide thermally grown at 1250~C(in dry02 ambience) is 60%reduced as

comparedto the one at 1080~)(in wet ambience).

[IJM.K.Das, B.S.Um,and Cooper,Jr, Materials Science ForumVols.338-342, p1069 (2000)

[2]R.Schorner et al.,IEEE Electron Device Lat., Vol.20, N0.5, p241 (1999)

[3]E.Okuno et al.,Proc. of 9th Meeting on SiC and Related WideBandgapSemiconductors,

p29 (2001), in Japanese
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Abstract
Thin films of silicon carbide (SiC) deposited by Plasma Enhanced Chemical Vapor
Deposition (PECVD)technique are very attractive for IC-compatible MEMSas structural

material and as coating layer. These amorphousfilms, although deposited at temperature
lower than 400'C, maintain most of SiC excellent properties such as high mechanical
strength, high thermal conductivity and extreme chemical inertness in several liquid

electrolytes.

In this paper wepresent the influence of deposition parameters such as pressure, temperature,

power, gas flow rate on stress and strain of in-situ dopedand undopedPECVDSiC films. In

fact the mechanical properties of the SiC films that are crucial for its application to MEMS,
are affected strongly by the deposition parameters. The thickness of SiC films is measuredby
using spectroscopic ellipsometry. The density of the3se films depen3ds on the deposition

parameters and is calculated in range of 2mg/mmto 2.5mg/mm
.

The values of the

parameters investigated are varied in the range indicated in Table I .

Both compressive and tensile stress films can be deposited. Stress values between - 700MPa
and + 400MPacan be obtained. A shift from compressive toward the tensile region is

observed for increasing SiHdCH4gas ratio (see Fig,1) and for increasing pressure. This
tendency is reversed for increasing total RFpoweror its LF component. A strong change in

stress is measuredwhendoping gas is added or after an annealing cycle up to 650"C (see

Fig.2). The influence of two commonlyused substrates, thermal silicon oxide and PSG
(phosphosilicate glass) on the stress of undopedand in-situ dopedSiC is indicated in Fig.3.

Theprocess flow schematically depicted in Fig.4 is used to release the rotating structure that

is capable of measuring both compressive and tensile strain. The displacement of the pointer

due to the strain is shownin Fig.5 for an undopedand a phosphorous-dopedfilm. The study
presented here allows us to establish the proper values for the deposition parameters to obtain

as-deposited low-stress films for both undopedandp-or n-type SiC films.

Keyword: Silicon carbide, stress, strain, PECVD.IC compatibility

Table 1: Preparation condition of in-situ do ed andundo ed silicon carbide layers

Parameter Value

Temperature
Pressure

SiH4 flow
CH4flow
PH3flow
B2H6flow

Total power
LFpower

300*C~ 400"C
1.5 ~ 3Torr

0.05 ~ 0.25 slm
fixed at 3slm
4%of total gas
4%of total gas

600~ 2500watts
25%,50%,75%
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SiC is well knownfor its excellent mechanical, electrical and chemical properties, making it

attractive for microfabricated sensors and actuators operating in harsh environments. Recent
advances in SiC patterning techniques have led to the development of surface micromachining

processes that are successful in both single and multilevel implementations [1]. To date,

however, a multi-user fabrication process with capabilities and design rules comparable to

conventional polysilicon processes has not been developed for SiC. This paper details our
developmentof such aprocess, which wecall the Multi-~!:ser ~i~(MUSiC)process.

The MUSiCprocess is an eight-mask, four structural layer polycrystalline SiC (poly-SiC)

surface micromachining process that generally embodies the Cronos Integrated Microsystems
polysilicon MUMPSTMdesign rules. Due to limitations associated with SiC RIE (e.g., poor
selectivity to Si02 and polysilicon, micromasking, and low etch rates), the MUSiCprocess
cannot currently be realized by directly implementing the MUMPSfabrication process sequence
using poly-SiC. Instead, a micromolding technique that uses SiC film deposition into

microfabricated polysilicon and Si02 sacrificial molds, followed by mechanical polishing and
chemical etching, is used to create patterned poly-SiC structural layers on sacrificial layers (Fig
1). The mechanical polishing steps are used to expose the molds and to create globally planar

surfaces at each structural layer. Thepolysilicon sacrificial molds are dissolved in KOH,and the

Si02 sacrificial molds in HF to release the devices. The micrornolding technique creates

featureless field areas, microstructures with smoothand vertical side walls, and top surfaces that

are ideal for multilevel processing.

The inaugural MUSiCIayout incorporates eight different chip designs replicated 6 times

across a 100 mm-diameterwafer. The chip designs include accelerometers, Iateral resonators,

mechanical characterization structures, micromirrors, capacitive pressure sensors, shear stress

sensors, micromotors, and flow sensors. The fabrication process was carried out on 100 mm-
diameter Si wafers using poly-SiC films deposited by APCVDin a rf-induction heated reactor

designed for epitaxial growth. SEMmicrographs of a representative collection of completed SiC
devices are shownin Figs. 2, 3, and 4. The first run ofthe MUSiCprocess has beensuccessful in

terms of pattern generation (-80010). However, issues related to residual stress, stress gradients,

polishing selectivity, and deposition uniformity adversely affect fabrication yield and device

performance. These issues can be attributed to the APCVDprocess, Ieading us to develop a
LPCVDfurnace to deposit poly-SiC films on large numbersof Si substrates.

The extended paper will detail issues related to the fabrication process, implementation of
micromolding on large-area wafers, results from the mechanical and electrical properties test

chips, and other issues pertinent to the successful development of the process. Initial results

using the LPCVDfurnace will also be presented.

[1] M. Mehreganyand C.A, zorman, "SiC MEMSopportuntues and challenges for applicatrons mharsh

environments", Thin SolidFilms, vol. 355 - 356, pp. 518-524, 1999.
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Fig. 2. SEMmicrograph of a SiC
capacitive pressure sensor.

Fig. I Cross sectional schematics ofthe
micromolding process.

Fig. 3. SEMmicrograph of a SiC shear-

stress sensor.

Fig. 4. SEMmicrograph of a SiC
micromirror showing the effects of
residual stress gradient.
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The Schottky barder diode (SBD) on silicon carbide (SiC), a wide-gap semiconductor
material, has the outstanding feature of high speed and low loss compared with the
conventional SBDon Silicon (Si). A SiC SBDis designed so that the electric field at the
Schottky interface is about 10 times as large as that of a Si SBD,whenthe reverse voltage is

applied. Thus, it is necessary to investigate the effect of high electric fields on the reverse
leakage current of SBDs. In this work, the reverse characteristics of a 4H-SiC SBDare
analyzed using adevice simulator, which can consider the tunneling process in addition to the

thermionic emission. In the device simulator, the tunneling process is handled by setting up a
generation/recombination probability, which takes the tunneling process into consideration,
for eachnodeof the meshin the vicinity of a metaLfsemiconductor interface [IJ.

Thecalculated reverse characteristics of a 4H-SiCSBDare shownin Fig. 1. Thesolid line

showsthe leakage current calculated by the tunnel model. Thebroken line showsthe leakage
current calculated by the barrier-lowering model, which considers the Schottky barrier

lowering by the image force. The dotted line shows the leakage current calculated by the
conventional thermionic emission model. Figure I shows that the tunneling process
dominates the reverse leakage current of a SiC SBDwhena high reverse voltage is applied.

The reverse characteristics of a Si SBDare also shownin Fig. 2, for comparison. In the

reverse characteristic of a Si SBD,the increase in the leakage current induced by the barrier

10wering is also important, and the effect of the tunneling process on the leakage current is

relatively small compared with a SiC SBD, because the electric field applied to the
metaJjsemiconductor interface is muchlower than that of a SiC SBD.

If off-state loss due to the leakage current of a SiC SBDIimits the total loss, wehave the
option of decreasing the electric field at the metal/semiconductor interface, or increasing the
Schottky barrier height in order to reduce the off-state loss. However, both of these actions
increase the on resistance. Wehave investigated whether a junction-barrier Schottky diode
(JBS) would improve the trade-off between the leakage current and the on resistance by
device simulation, considering the tunneling process for the first time. The schematic
cross-section of a JBSis shownin Fig. 3, where the electric field at the metal/semiconductor
interface is relaxed by the static induction effect from the pwell. Figure 4showsthe forward
(a) and reverse (b) characteristics of the 4H-SiC JBS. It can be seen from Fig. 4 that the

reverse leakage current decreases by order without an increase in the on resistance, as the
dimensions of the striped pattem of the pwell and Schottky junction decreases.

This work wasperformed under the managementof FEDas a part of the METIproject
(R &Dof Ultra-Low Loss PowerDevice Technologies) supported by NEDO.

[1] M. Ieong et al., IEDM-98,pp. 733-736, 1998
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Abstract: High voltage SiC Schottky diode, device and process optimization is presented with
experimental demonstration for 2.5KVand IKVSchottky design. 2.5KVdiodes were fabricated with a
meanon-voltage of 1.85V at 2.25A (current density of 100A/cm2)and a differential on-resistance of
6m~-cm2.At 5A, these devices have an on-voltage of 2.6V. Thesedevices were fabricated with a yield
of20(~o. Smaller sized devices Immxlmmin dimension were fabricated with a yield of40%. Fig. I and
2showthe reverse bias characteristics and forward bias characteristics for a typical diode. To our
knowledgethis is the best result reported thus t'ar for this voltage/current rating. Manyprocess and design
parameters control the outcomeof the device. Themost critical parameters are implant species, implant
activation, termination design, Schottky surface preparation. Schottky metal, epitaxial layer doping and
thickness. Wepresent the impact of these parameters briefly here, in the paper wewill explain the
concepts in detail along with experimental data.

Implant activation is essential for the devices to work. Thekey issues facing implant activation are step
bunching, and surface decomposition. There havebeenmanyreports on activation placing the wat~er in
the vicinity of another SiC source. However,even with this technique activation at 1700Ccauses step
bunching. Wehave addressed this issue by doing the activation very fast, only a few seconds at 1700C,
with the wafer enclosed in a SiC container. While this time is insufficient to cause surface damage,it is

enoughto allow goodactivation. Fig. 3showsan SEMpicture of the surface at'ter implant activation. It

includes three regions: a) unetched/non-implanted, b) etched and implanted and c) etched but non-
implanted. Fromthe picture it can be seen that regions band c which were etched showstep bunching
while the unetched region is free from such irregularities.

Aluminumand boron are the two practical choices for p-type dopants for SiC. Boron is lighter than
aluminumand hence is implanted deeper for the sameenergy. Further boron diffuses during activation
[re~, and hencedeeper junctions can be formed using boron. Henceboron is preferred over aluminum
for termination design. Howeverfor a good terrnination design wefound the difference to be small. To
optimize the termination design, wemadedevices with different termination structures including various
field plate designs, floating field rings, andJTEtermination. Highest breakdownvoltage, 3000V, was
obtained using aluminumimplant with a floating field ring design. Boron JTE(2600V) performed better
than aluminumJTE(2200V). Theseresults will be presented in greater detail in the full paper.

The ideality factor of the Schottky contact plays a principal role in determining the on-state voltage of the
diode. Poor ideality factors usually result in lower leakage current at the expenseof large increase in the
on-voltage. Asmall changein ideality factor, for examplefrom I . I to 2.5, could easily increase the on-
state voltage by two volts. Figure 5comparesthe forward conduction characteristics for the two cases-
ideality factor=1 and 2. Notice that the on-state voltage is increased from I.4V to 2.4V. TheSchottky
ideality factor is very sensitive to the surface conditions. Wehave found that RIEetch of the Schottky
surface prior to the implant activation results in poor ideality factors. Further RIE etching using CF4or
CHF3chemistry, af'ter implant activation significantly increases the ideality t~actor. Hencecare needs to
be taken to protect the Schottky surface.

Wehave performed theoretical calculations on the epitaxial layer doping and thickness for device
optimization, and obtained acorrelation for Epi thickness W=1.5xBV/E.,iti.,1 whereBVis the desired
breakdownvoltage and E.,,ti..1 the breakdownelectrical field. Detailed analysis will be presented in the
paper. High temperature results, including measurementsat 250Cwill also be presented in the paper.
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Junction termination of Ni Schottky contacts

on 4HSiC has beenperformed using floating

guard ring structures. These structures are
widely used in silicon technology as an
effective meansof planar edge termination.

Themajor advantage of these structures is in

the relative ease of fabrication comparedto

JTE techniques and the increased reliability

over field plate designs.

In order to determine the merits of guard ring

structures four designs were fabricated. In

each case the guard ring width is 20um.
Type I has the guard ring overlapping the

edge of the Schottky contact by 5um, whilst

type 2has a 5umgap. Type 3 is equal to

type I ,
but with a subsequent 20umring,

5umoutside the first. Similarly, type 4has

one guard ring more than type 2.
The

structures are shownbelow.

Type 1

Type2

Type3

Type4

Commercial 4H-SiC n-n+ epitaxial wafers
from Cree Inc. were used to fabricate the
diodes. The n layer had a donor
concentration of 3xl015cm~3and a thickness

of 10um. The samples were cleaned by
degreasing with organic solvents followed by
RCAprocedure. Photo resist S1828 2umin

thick was used as a mask for ion
implantation. Boron implants of ener ies up~13
to 200keVand total dose 5xlO cm~ were
annealed under Ar flow in a RF furnace at

1600"C for 20 minutes. After annealing the

samples were cleaned by an RCAprocedure.
All metal depositions were madeby thermal
evaporation at a base pressure of 8xl0~6 Torr
with no sarnple heating. Immediately prior to

placing the samples in the vacuumchamber,
they were immersed in 100/0 HFfor 20 s at

room temperature followed by blow drying.

Niekel 100 nmthick was deposited on the

back side ofthe wafer. Anuealing ofthe back
side contact was performed at 11OO~Cfor

180 sec in vacuumchamberpumpeddownto
8xl06 Torr Nrckel of 100 nmthick with
titanium sub-1ayer (-5 nm)wasdeposited on
epitaxial layer as a Schottky contact. After
annealing at 420'C for 20 min, the geometry
of the contacts was defined by contact UV
lithogra phy.

IV characteristics of the diodes were
measuredusing an HP4155A semiconductor
parameter analyser and breakdown tests

performed using a Tektronix 371 curve
traeer.

The ideality of the fabricated diodes was
found to be weakly dependant on the diode
type. This can be seenbelow.
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Diode T e ldealit

Unim lanted 1.04

T el 1.07

Type2 l.10

T e3 1.10

T e4 1.07

The low ideality factor for the samples
suggests that the surface quality under the

Schottky contact is high. This is of
importance for diode types I and 3where the

Schottky contact overlaps the implanted
guard ring, with the associated surface

roughness and implantation damage.
The breakdown voltage of the diodes
fabricated on bare epitaxial material with no
guard ring structures shows an average
breakdownvoltage of 451V. Thebreakdown
voltage of diodes on the sample annealed at

1600*C is shownbelow.

Diode T e BreakdownVolta e
1 783

2 631
3 912

4 764

~ 10~1'~

6
4

~ 3
O; 2
(, 2O10~8
~~ 6
,P* ~~O

10-3
ll

7
l'

1OOumDevice
2COumDevice
200umDevice

Fromthis it can be seen that the addition of
subsequent guard rings increases the average
breakdownof the device (Type 3c.f. Typel)
by approximately 180/0. This is consistent

with other observations madein both silicon

and SiC devices. The change in diode type
from gapped structures (Types 2 & 4) to

overlapped structures (Types I & 3) also

sees an increase in breakdown voltage of
approximately 220/0. From this the double
overlapped guard ring structure appears to be
the mostpromising.
For the type 3diode structures, the leakage

current at high reverse bias is dependent on
the contact area and not the termination
circumference. This would suggest that the

current is detennined by the behaviour of the

contact itself and not the guard ring

structure
.

The leakage current at -100V bias for a
series of 200umdiameter diodes has been

700 1OOO400 500 800 900600
Bias (V)

measuredas a function of temperature. The
unimplanted diode behaviour shows the
effect of the intrinsic material properties on
the temperature dependence. At low
temperatures the guard ring structures
dominate the leakage current, but as the

temperature rises above 2250C the leakage
current is independent of the termination,

suggesting a commonmechanism. This can
be seen by the overlay of the data from both
terminated andunterminated devices
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Overlapped guard ring structures have been
shown to give the greatest increase in

breakdown, without adversely affecting

forward characteristics or high temperature
leakage. Further work will concentrate on
establishing the mechanismresponsible for

the leakage current behaviour at high
temperatures.
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SiC material has attracted muchattention for high-power semiconductor devices

becauseof high breakdownelectric field. SiC Schottky barrier diode (SBD) is expected

to decrease on-resistance and switching loss comparedto Si pin diode. Hence, we
fabricate Ti/4H-SiC SBDwithout any intentional edge termination. The measured

breakdownvoltage is equal to the value expected from breakdownfield of SiC, and is

evaluated by device simulation.

Wafers with structures of n-epitaxial layer on n-type substrate purchased from Cree

were employed. N-type back contact was formed by Ni evaporation and rapid thermal

annealing. Schottky electrode was formed by Ti sputtering on n-type 4H-SiC epitaxial

layer with carrier concentration of 5xl015 cm~3 and thickness of 10 um. As a pre-

treatment before the Schottky electrode formation. HCl+HN03and HFtreatment was
carried out. Devices with 100 or 500 umdiameter were fabricated by wet etching ofTi.

The measured current-voltage (1-V) characteristics are shown in Fig. I . Low on-
resistance of 3m~cm2,Iow leakage current of I0~5A/cm2at IOOOV, and relatively high

breakdownvoltage of 1500 Vare obtained. Schottky barrier height is evaluated to be

1.2 eV, shown in the figure. The barrier height is relatively high compared to the

estimated value from workfunction of Ti, and close to the value estimated from hybrid

orbital reference energy level for surface pinning [IJ. Therefore, influence of thin

surface high resistive layer, which brings surface pinning, is investigated.

I-V characteristics are investigated by device simulation with impact ionization

coefficients reported by Konstantinov et al [2] and barrier tunneling effective massof

0.66, which is effective density massemployed. Trap level of high-resistive layer is

assumedto be acceptor type with activation energy of 0.5eV. In the samebarrier heights,

the forward rise-on voltage of devices with thin surface layer is calculated to be larger

than that of device without thin surface layer. For devices without thin surface high

resistive layer, the barrier height used for the calculation was I .2 eV, which is equal to

the measuredvalue. In order to fit to the measuredforward I-V characteristics, the

barrier heights of devices with thin surface high resistive layer were set to 0.55-0.85 eV
for calculation, depending on thickness and concentration of traps in thin surface high

resistive layer.

Thecalculated results are also shownin the figure. Thecalculated breakdownvoltage

of one-dimensional (lD) device without thin surface high resistive layer is 1900 V,
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which showsthat the breakdownvoltage of fabricated devices is 79 "/o of I Destimated

value. Thoughthe breakdownvoltage of 2Ddevice without thin surface layer is fairly

low (below 50V, I.5 "/o of ID device), that of SBDwith surface layer is calculated to be
40-850/0 of ID devices, as shownin the figure. For higher trap concentration (1 .5-2xl019

cm~3), the electric field enhancementis minimized by the effect of thin surface layer and
the breakdownis occurred by avalanche above 1200 V. Otherwise, the breakdown is

occurred by Schottky barrier tunneling at the electrode edge near 700 V for lower trap

concentration (lxl019 cm~3). Hence, the breakdownvoltage over 1200 V is brought by
the minimization ofthe electric field enhancementat the Schottky electrode edgeby the

effect of thin surface high resistive layer. The origin of leakage current of SBDis

considered to be Schottky barrier tunneling currents.

In summary,Ti/4H-SiC SBDwithout any intentional edge termination, with low on-
resistance of 3m~cm2,Iow leakage current of I0~5 A/crn2 at IOOOV, and relatively high

breakdownvoltage of 1500 V, is fabricated. The relation betweenobtained breakdown
voltage, Schottky banier height, and thin surface layer is madeclear. Influence of trap

parameter on device properties will be also discussed.

Referenc es
[1] H. HasegawaandH. Ohno,J. Vac. Sci. TechB4(1986) Il30.

[2] A. O. Konstantinov, Q. Wahab,N. Nordell and U. Lindefelt, Mat. Scu Forum264
268 (1998) 513.
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Gassensor devices operated under high temperature conditions have been investigated

using catalyiic metal-insulator-silicon carbide, MISiC, structures. Thesensors havebeentested

for several industrial applications [1]. Wehave studied the influence of COand 02 mthe

ambient in terms of both gas response and device characteristics of the sensor devices [2].

Usually an epitaxial SiC Iayer grownon a low resistance SiC substrate is used for the sensor
device. It is expected that the property of the epitaxial layer strongly affect the electrical

characteristics of the diode. In this contribution, experimental results under high temperature
conditions are discussed regarding the electrical properties, as well as gas sensing properties, of

gas sensor Schottky diodes with different thickness anddoping of the epitaxial layer.

The three types of diodes, which were compared, are described in Table I .
Thesediodes

have different thickness and doping of the epitaxial layers, that are grown under different

conditions [3-5]. The carrier density of the epitaxial layers was estimated from the

capacitance-voltage characteristics. Thedevices havegate contacts of porous Pt, with an area of
about 7.8xl0~3 cm2, andohmicback contacts of TaSi* + pt [l]. OneSchonkydiode wasplaced

on a Pt disc in a quartz tube, and its top electrode wascontacted by a Pt wire. Thequartz tube

chamberwas placed in an oven. Forward and reverse current-voltage characteristics were
measuredin 4000 ppm02 in Ar and 8000 ppmCOin Ar, respectively, during steady state

conditions at each investigated temperature, 22-600'C.
Figure I showsthe temperature dependenceof the series resistance calculated from the

I-V characteristics in the high current region. Thethickness and carrier density of the epitaxial

layer mainly determines the value of the series resistance. For diodes of type.3, the resistance

decreased, with a slope of about -1 .5, with increasing temperature in the lower temperature
region. This is suggested to be a result of the higher impurity concentration in the epitaxial layer

of diodes type 3.
Theslope of about I .5 in the higher temperature region suggests that here the

resistance increases due to lattice scattering. The series resistance of diodes type 2
monotonouslyincreased with increasing temperature. This meansthat the resistance is affected

by lattice scattering. Further studies are neededto find the reason whythe resistance of diodes

type I has amaximumat about 670K.
In Fig. 2the ideality factors are plotted versus the temperature. Diodes of type I have a

higher value of the ideality factor than diodes type 2and 3at T~ 670K. The value of the

Schottky barrier height wasevaluated for each diode from the temperature dependenceof the

I-V characteristics and wasalways about I .5 eV. Thechangeofthe barrier height causedby a
change from oxygen to carbon monoxidein the gas ambient wasestimated from the forward

and reverse current-voltage characteristics. Thebarrier height changewas~0.3 eVand had a
tendency to increase with increasing temperature for all three types of diodes, that is, the

difference in epilayers did not seemto have an influence. The gas response of the devices is
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measuredas the voltage changeat a constant current for a change in the gas ambient. Thegas
response for a changefrom oxygento carbon monoxidein the ambient is higher for the type 1
diodes, above0.5 V, than for diodes of type 2and3.

Thusthe difference in gas response maybe
connected to the value of the ideality factor, but not to the change in barrier height, since the
latter is similar for the three devices.
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Table I Condition of three ty es diode with different e itaxial-layer.

No. Thickness Condition of epitaxial layer Carrier concentration estimated

( m) by C-Vmethod (cm~3)

1 lO Purehasedfrom Cree L3] 3.4xl 015

2 24 Hot wall CVDepitaxy [4] 8.1xl014

3 50 Sublimation epitaxy [5],

Growih rate= IOOum/h
2.lxl016
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1 Introduction

In recent years, a large variety of promising SiC
devices have been realised in the flelds of high

power, high temperature, and high frequency ap-
plications. In this work weespecially concentrate
in particular on 4H-SiC Schottky diodes which,

due to their physical properties, have proven to

showexcellent performance for the realisation of

fast switching applications with nearly negligible

power loss [1]. High power switching implies the

requirement of getting very low current at high

reverse bias and very high current at low forward
bias. SiC, with a critical fleld 10 times higher

than Si, with a band gap of 2.5-3 times larger

than that of Si, a thermal conductivity better

than copper and large saturation velocities for

electrons and holes offers these qualities for high

power devices. Using numerical simulation, we
investigated the principal mechanismsgovering

the device operation.

Figure 1: Cross section of the analysed structure

characteristics. The device analysis was per-
formed using the multi-dimensional device sim-

ulator DessisISE which features a rigorous ther-

modynamicmodel of the device behavior based

on the solution of the coupled system of Pois-

son's equation together with the electron conti-

nuity and hole continuity equations. The cal-

culations assumedquasistationary conditions in

reverse bias.

2 Device structure, surface con-
ditions and simulation

3 Simulation restilts

Figure I showsa schematic view of the Schottky
diode, featering a junction termination to avoid

high electrical field peaks at the edges of the con-
tacts, a boundarypassivation and a highly doped
field stop. In the simulations the Schottky diode

was treated as a 2-dimensional structure. Ex-
perimental results [3] and [4] suggest, in view of

the surface quality of SiC, surface charges may
affect the device characteristics and, hence have
to be considered in device simulation. As loca-

tion of such surface charges we assumedthe in-

terface of the p-guardring and the boundary pas-
sivation and examined the effects on the reverse

For varying Al doping of the p-guardring and
without additional surface charges along the in-

terface of the p-guardring and the boundary pas-
sivation our results show, in confirmity with for-

mer works [2], that different locations can be
identifled at which avalanche breakdownoccurs.

Low doping leads to critical fleld peaks at the

outer edge (A) of the p-guardring, whereas at

high doping concentration this point movesto the

surface underneath the Schottky contact (B)
.
The

maximumbreakdownvoltage is observed if the

region with maximumelectric field is located at
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4 COncluSiOn

The effect of a p-guardring junction termination
of Schottky diodes on its breakdownbehavior has
been discussed. The results of an earlier analysis
[2] were corroborated and extended by studying
in detail the spatial distribution of the total cur-
rent density, the electric field and the impact ion-
isation rate, considering additional charges along
the interface of the boundarypassivation and the
p-guardring.

the inner edge of the p-implantation deep in the
bulk (C). In this way the doping concentration
of the p-guardring controls the breakdownvolt-

age and determines the location whereavalanche
breakdowntakes place (see Figs. I and 2).

Assuminga surface charge of 6.0 * 1012As/cm2
along the interface of the p-guardring and the
boundary passivation, the breakdownvoltage is

drastically reduced. As example for a Schottky
diode with an effective surface charge at the p-
guardring of 1.0* 1013As/cm2and the samestruc-
ture with an additional surface charge as men-
tioned above, the breakdownvoltage is reduced
from 1400V to 1095V. The device behavior un-
der the influence of additional surface charges,

was analysed in detail by studying the proflle of
the space charge, the total current density, the
impact ionisation rate and the distribution of the
electrical field. Comparing the respective total

current densities showsthat, for the assumedsur-
face charges, the total current density at the outer
edge of the p-guardring rises (see Figs. 3and 4),

while the impact ionisation rate showsequivalent
behavior. The maximaof the electric fleld are
located at the samepoints as they occur without
additional surface charges.
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Avalanche photodiode (APD) Iinear array is of great importance for spectroscopic and

imaging applications. The demonstration of 4H-SiC APDSmakes4H-SiC APDIinear array

possible. A high yield of APDSis the prerequisite for

APDIinear array demonstration. The control of the \'-".' Ioo
-1-- Pixel#=1 O

uniformity of breakdown voltage and the leakage ~~i 80 - - - Pixel#=20 ,';~~

current is also very critical. In this report, wepresent
_ _ _ . . . = ,.A Pixel# 30* di•;*

60 __v-- Pixel#=40 '
.

design fabrication and characterization of 4H-SiCAPD
c5co

40
~"~~~ Pixel#-5_

' '/'

,e
jl~!,linear arrays.

.- . '•~
The present SiC wafers are still very defective. ' ' ' ''J

I '*.. e Ay,'
;' A.Fj~~o 20 .1-1*Achieving high enough yield is therefore a very -1'1 .e'e /L 'AAL(.~',~1' "'1 .e

challenging issue. Thepixel area has to be sacrificed to ~ . . . '

'e'e
.o_

o "> 80 95 Ioo9085achieve a yield high enough for linear array Yield of pixels (olo)

demonstration. As shown in Fig.1, in order to have a
Fig. I : Theyield of linear array with

substantial yield on an array with pixel numberhigher
different pixel numberas a function

than 10, the yield of the pixels has to be higher than
of the yield of pixels

90%. Since the density of the elementary screw
dislocation, the major detrimental factor for an 4H-SiC
APD,is typically in the range of 103-l04/cm2 2 the pixel

area should be smaller than l04um2so as to have a yield

of pixels higher than 90~;~o.

4H-SiC APDIinear arrays containing 40 pixels

with the pixel area of 4.3xl03um2 are designed and
~~ ~~]fabricated. Figure 2showsthe top view of a pixel. The

sizes of 4H-SiC APDmesa, their optical window, and .'. o do~Inwire-binding pad are 35xl22, 84xl9, and 80xIOOum,
'

B'nding pad
respectively. A p+pn~nn~n+reach-through structure is

Fig.2: The top view of a pixel of
used in our fabrication. The doping concentrations and 4H-SiC Iinear array.
thicknesses from p+ to n~ are 3xl019/cm3 and 0.2um,
1.3xl018/cm3 and 0.25um, 5xl015/cm3 and0.22um, Ixl018/cm3 and 0.1 1um, and4xl015/cm3 and

2um, respectively. The targeted breakdownvoltage is 116V. The substrate is n+. Edgesof APDS
are terminated by I.5umdeepmesaandpassiviated by Si02.
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Figure 3showsa photo of a fabricated 4H-SiC Iinear array with 40 pixels. Theperiod of
pixels is 50umand the total length of an array is 2mm.

The reverse I-V characteristics of pixels are tested and mapped.Fig.4 showsmappingof
the breakdownvoltage (VB) and the leakage current at 120V(about 95%of VB) for one of the
best arrays. It can be seen that VBis very uniform except for the 13th pixel. The average of VB
without the 13th pixel is 126.8V with a standard deviation of 0.9V. Mostof pixels showa leakage

pixel position (mm)
10:
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Fig.5: Thepeak responsivity as the

Fig.4: TheVBand the leakage current function of reverse bias voltage. The inset

mappingof a4H-SiCAPDIinear array
is the response spectra at 126.5V.

current lower than InA at 95%of VB. Comparedwith the high uniformity of VB, the uniformity
of the leakage current is lower. Still, mapping shows that pixels from I to 11and 31 to 40
demonstrate uniform low leakage current at 959;{o of VB. They can be packagedfor APDIinear

array applications.

A total of 200 pixels have been tested. Theaccumulative yield of pixels with breakdown
voltages higher than 116V is 91%. The limiting factor is believed to be the elementary screw
dislocations. The yield of pixels with the leakage current lower than InA at 95(~o of VBis 50%.
The uniformity of leakage current is muchpoorer than that of VB. The poor uniformity of
leakage current is, therefore, the major barrier toward achieving 4H-SiC APDIinear arrays
containing more pixels. Experimental results show that leakage current is dominated by
peripheral leakage current.

Figure 5showsa typical peak responsivity of pixels as a function of the reverse bias. The
inset is the response spectra at 126.5V. Thepeak of the response spectra is located at 260nmand
the maximumachievable responsivity is higher than lxl05AnV. Assumeunity quantum
efficiency, the corresponding optical gain is 4xl05A/W. The true optical gain should be higher
becausethe APDSdo not have unity quantumefficiency.

In summary,4H-SiCAPDIinear arrays have been demonstrated. Anarray containing up
to 11pixels with a gooduniformity of VBand a low leakage current has been demonstrated for
the first time.
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1. Introduction
Silicon Carbide (SiC) devices are expected for use in high temperature environments under
the high power and low loss conditionsl). In addition to these power devices, sensor
applications such as ultraviolet sensitive diodes 2) and gas

sensors3) are other fields of targets

for SiC devices. Basic device structures of gas sensors utilize catalyiic gate
MetaVlnsulator/SiC substrate structures such as MIS-Schottky contacts. MIS-capasitors, and

MISFETS.For the reliable operation of these devices, both metal contacts and intermediate

thih insulator films have to stand high temperature gas 'environments. Present paper reports on
a newand simple type gas sensors utilizing 6H-SiC pn-junction and ohmic contacts, which

are operable at 500'C in gas ambient such as hydrogen and hydrocarbons. Present device

structures are composedof catalyiic metal layer/ohmic contact layer/SiC pn-junction/ohmic

contact layer. In this device ohmic contact layers play roles for adhesion and barrier layer to
the catalyiic metal material. Device fabrication, contact stability at the elevated temperature
and the device response to the gas componentsare discussed

2. Experimental
PN-junctions were. madewith Al-doping with ion implantation (70-300keV, 2xl017_ 5xloi9
Al/cm3 in box profiles) or laser doping in n-type epitaxial layers (1.8xl016 N/cm3) on n-type
bulk 6H-SiC substrates. Afier ion implantation the substrates were annealed in Ar flowing
atmosphereat 1600 to 1650'C for 30 min. PtSi or PtSyp+-Si thin layers for ohmic contacts to

p-type doped layer were deposited by laser ablation with an KrF excimer laser, and Ta metal
layer wereused for the n-type back contacts. Pt metal films 50 nmthick wassputter-deposited

on the both ohmic contacts, which function as a catalytjc layer and a cap layer to prevent from
,oxidation. Ohmiccontacts on the thin-doped layer were fabricated with the laser processing
technique to ensure a steep and shallow contact interface4). I-V characteristics of the diodes

were tested at 500'C in atmospheres of flowing test gas mixtures. At the constant current in

the forward bias condition, test samples show voltage-sensitivity to hydrogen and
hydrocarbons (typical example; C3H6)in concentration of2 to 500 ppmcontained in N2gas

3.~Results and Discussions
Figure I showsa device structure under investigation. APtSi ohmic contact was madeby
irradiating the deposited PtSi film (-25nm thick) with a KrF excimer laser (energy
density;2.5J/cm2, numbersof pulses;lOOO). Anadditional PtSi film 75 nmthick was in situ

deposited on the contact to ensure the ohmic property, to increase in adhesion of the Pt
catalytic electrode, and to allow function as abarrier metal against Pt. ATa film for the n-type
back contact was deposited at 350'C with a DC-sputter method. Al ions were implanted at

lOO keV with doses lxl013 cm~2, which correspond to an Al peak concentration of lxl018
cm~3. Theprojected range Rpof Al ions is estimated to be 120nm. In addition, Ixl013 Al/cm2

were implanted at 30 keV(3xl 018 cm~3)to decrease in the contact resistance.
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Fig.2 showsI-V characteristics at 500'C both in the

pure N2and the mixture ofN2 andH2(100 ppm)
gas ambient. Asshownin the figure, the voltage drop
of the device slightly decreases at aconstant forward
current, which is dependenton the gas species and
their contents. Three kinds of gas mixtures H2/N2,
C3HdN2,and COfN2were tested in the gas fraction

ranging from 2to 500ppm. Thesensor response is

d~fined as the measuredchangein voltage at a
constant forward current 20 mAas the gas is switched

on from the pure N2gas to a test gas mixture. Fig.3

showsan exampleofthe response at 500'C for the

H2/N2gas mixture containing 20 and 100 ppmH2.

Thesensor response is smaller to C3H6than to H2,
and is very weakto CO.
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Fig, I Device structure with
pn-junction and ohmic contacts.
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Fig.3 The sensor response to H2 diluted

Voltage (V) in N2gas. The base voltage for the pure
N2gas is stable within a few mVduring

measurements
Fig.2 I-V characteristics of an Al-doped pn-juncuon

sensor diode. The device temperature is monitored
with a thermocouple attached to the sensor.

In conclusion, the present paper proposes a newgas sensor with a simple device structure.

The sensor response time, sensitivity, and thermal stability are discussed in terms of the
device structure, impurity profile, and electrode materials.
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Recently, considerable progress has been madein the fabrication of high-quality single-

crystal SiC substrates and epitaxial film [l]. The interest of nuclear physicists in SiC is

due to the potentially high radiation and chemical hardness of SiC-devices and the
possibility of their operation at elevated temperatures [2]. For detectors fabrication were
used 6H- SiC films n- and p-type conductivity grownby vacuumsublimation epitaxy [3]-

1.N-type epilayers (about d=10mkmthick, net doping concentration IN'D-N~AI- 2. I015

cm~3)wereused for Schottky diodes (barrier were formed by magnetronsputtering ofNi)
producing. Diodes were irradiated with a I GeVproton beamextracted from the

synchrocyclotron. The first doze is -
3*1014 cm~2. The overall dose of irradiation with

relativistic protons wasI .3* 1015 cm~2.

The next detectors parameters were measured: charge collection efficiency (CCE) and

energy resolution by alpha-spectrometry; width of the sensitive region (WetT) and
capacitance; diffusion length of holes (LD); deep levels contents by DLTSmethod. It was
shown that dose (3-5)*1014 p/cm2 corresponded the initial stage of the detectors

degradation. Thevalue LDdecrease up to 20-300/0, but W*frvoltage dependenceremains
unchanged. Under dose -

1015 p/ cm2high R-center concentration causes compensation
conductivity of the base L4]• Also conditions of the charge carrier transport deteriorated.

For realization CCE=13times larger voltage (U) onemustbe applied.

2. P-ty:pefilms (d -- 10 um, N~A-N+D_ 2,8. 1015 cm~3)were used for fabrication triode n-

p- n - structure. Triode was realizing by grown of p~;ype epilayers on base of 6Hn+_

SiC substrate.. The triodes were studied in a floating-base modewith alpha particles (5,8

MeV)coming in from the Schottky barrier side. The range of the alpha particles (20
mkm)exceeded the film thickness so that the nonequilibrium charge appearing in the

base corresponded (with account of the Bragg ionization curve) to absorption of the

energy E=2 MeV
Capacitance measurementsdemonstrated that the p-n+ junctions of the structure are not
identical. The Schottky barrier corresponds to an "abrupt" junction, whereas at the n+

substrate the transition to the p-type conduction is gradual. Therefore, two connection
polarities were tested, with either the p-n+ _junction of the substrate or the Schottky
barrier serving as collector.

In the last regime the E(U) dependencebecomessuperlinear. The signal corresponds to a
value of about 60-80 MeV.The shape of the spectrum is Gaussian. So it was shown
possibility of the ~~50 times amplification of nonequilibrium charge created by short-

range rons.

To describe the effect quantitatively, the first place take into account that the structure
under study is equivalent to a phototransistor. It is knownthat the primary current of the
*correspon. author: Tel. +7 812 2479953; Fax. +7 812 2471017; E-man: alexandr.ivanov o .ioffe.rssi.ru
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phototransistor is amplified in (1 -ccT)~1 times, whereoeT is the base-transport factor for

electrons. In accordance with L5] wehave for our case CCT= [(d-W)lLD] / sh[(d-W)/LD].
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Fig. I .
Signal from alpha particle (in energy units)

versus the width of the space charge region at the

collector junction (Schottky barrier); frtting data: LD=
8.85 and 5.85 (um); film thickness d= 10.75 and 8.53

(um) for samples I and 2, respectively.

Here W, and LD are width of the space charge region at the collector junction and
diffusion length of electrons, respectively.

Note that the signal as a function of the width region W(see Fig, I .) is moreconvenient
for approximating experimental data, with dand LDused as parameters. The accuracy of
fitting is characterized by the values d= 8.53:!:0.09 (um) and l/LD = O. 17li0.005 (1/um),

obtained for sample2.

In view of the high radiation hardness [6] and chemical resistance of SiC, structures of
the above kind must be, in our opinion, of practical interest, e.g. for recording neutrons
after their reactions with light elements, of the type lOB (n, c() 7Li, accompaniedby alpha

particle escape.
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AnEffective High Voltage Termination for SiC Planar pnJunctions for Use
in High Voltage Devices andUVDetectors

GBrezeanul, M. Badila2, P. Godi non3, J.Millan3, F.Udrea4, A.Mihaila4, G.Amaratunga
IUniversity "POLITEHNICA" Bucharest, Romania,'21MTBucharest. Romania,'

3Centro Nacional de Microeletrdnica (CNM), CampusUAB.08193Bellaterra, Barcelona, Spain
4CambridgeUniversity,CB2 IPZ, U.K.

Wehad previously proposed a simple planar edge termination based on a field plate overlapping an
oxide ramp at the periphery of the contact. This technique which was successfully tested on SiC
Schottky barrier diodes is for the first time extended to pn junction barrier diodes (JBDS). Extensive
numerical simulations have been carried out to design an optimumSiC oxide ramp termination, We
have also fabricated high voltage 6H-SiCpn junctions anduv detectors to verify the efficiency of this

termination.

FromTable I one can see that indifferent of the doping/thickness of the n epitaxial layer, a near ideal

ID parallel-plane breakdownis obtained as long as the slope of the oxide rampremains below 5. A
insulating sandwich consisting of an undopedoxide layer and an 8(;~o phosphorus dopedoxide layer

with a total thickness of I umhas been successfully used in the fabrication of planar implanted 6H-
SiCpn diodes. Experimental measurementsindicate that an angle of less than 3' wasachieved using

two step wet etching, first in a standard oxide etch solution and then an overetching in a P-etch
solution. Aspredicted by numerical simulations this angle results in uniform spreading of the potential

lines in the proximity of the junction (see Fig. I). The oxide ramp termination is not limited to

Schottky or pn junctions but can be used as a general termination technique in any high voltage SiC
devices.

Thetermination is also highly suitable for photodetectors and charged particle detection, uv detection

properties of epitaxial 6H-SiCJBDwith oxide ramp termination are illustrated in Figs. 2-4, Similar
behaviours have been observed on Schottky barrier structures with the sameepilayer and termination.

Thephotocurrent (Jph) is almost flat (Fig. 2a) and responsivity (R) increases linearly (Fig. 2b) over the

spectral range from 250 to 350 nm. Thehighest responsivity (over 200 mNV)is obtained at 320nm,
which corresponds to a quantumefficiency about 75%.

Theresponsivity increases with the increase in

the bias voltage up to 10V and also with the decrease in the doping of the n epilayer. A weak
dependenceof Rwith the epilayer thickness and with the increase in the reverse bias over 10Vcan be
observed. Fig. 3showsthe variation of the total current of JBD(J(K)) and the photocurrent (Jph) with

temperature. As expected J(K) =Jph up to elevated temperatures where the dark current is two to seven
orders of magnitude less than the photocurrent. At temperatures higher than 800Kthermal generation
is comparable with photogeneration and the contribution of Jph at J(K) decreases. Therefore, one can
conclude that the JBDwith oxide ramptermination can perfonn as an effective high performance uv
detector up to 800K. Fig.4 showsthe transient photoresponse of the JBDwith oxide rampterrDination.

During the pulse light time the photocurrent increases exponentially. It subsequently decays
exponentially whenthe recombination process becomespredominant (Fig. 4a). The transient time
within the depletion region and the necessary time of the carriers generated in the neutral region to
diffuse to junction result in a considerable time delay betweenthe pulse end and the time at which the

current reaches its maximumvalue. Thedifference betweenthis maximumvalue and the photocurrent
value which corresponds to the unifonn illumination for reverse biases smaller than the punch-through

reverse voltage, is due to photogeneration and recombination outside the depletion region (Fig. 4).

3Tel.' +3493 594 77 OO;Fax: +3493 58014 96, emaiLPhilippe. Godignon@cnm.es
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Table 1. Breakdownvoltage versus oxide rampfor
several n epilayer parameters.

BreakdownVoltage(V)
Nd/x*

(cm3/um)
ldeal Ramp

2'
Ramp

5'
Ramp
lO'

2xI015cm~3/25um 3700 3475 3275 2925

2xIO15cm~3/8um 1465 1460 l420 1350
8.5xl015cm~3/8um 1335 1255 l 195 1055
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