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High-temperature-processing-induced “double-stacking fault” cubic inclusions in 4H-SiC were
studied with ballistic electron emission microscdBEEM). Large BEEM current and &0.53 eV

local reduction in the Schottky barrier heigl®BH) were observed where the inclusions intersect a

Pt interface, confirming the quantum-well nature of the inclusions and providing nanometer scale
information about local electronic behavior. Measured spatial variations in the BEEM current are
related to the inclusion orientation and local surface step structure. An observation of an
anomalously low SBH is discussed, suggesting the existence of a triple- or quadruple-stacking fault
inclusion. © 2004 American Vacuum SocietyDOI: 10.1116/1.1705644

[. INTRODUCTION as unique “structure-only” electron quantum wells
(QWSs),21-Bwhich are delimitecbnly by a change in local
SiC is a very promising semiconductor material for highstacking.
power, high frequency, and high-temperature device applica- We have used ballistic electron emission microscopy
tions, thanks to its wide band gap, and excellent physicalBEEM) to characterize individual double-SF cubic inclu-
properties- SiC can form in a great number of different sjons in thermally processed 4H-Si@pilayers. Our mea-
structural polytypes that differ from each other in the stack-surements directly confirm the QW nature of these inclusions
ing sequence of close-packed SiC bilayer basal planes, by showing that they support propagating two-dimensional
with otherwise the same composition, same Si—C nearesPD) states with a 2D conduction band minimu®@BM) at
neighbor bonding geometry, and almost the same lattice coran estimated energy of0.53 eV below the 4H-SiC bulk
stant. The different polytypes have similar formation energyCBM.* Here we focus on measured spatial variations of the
and (filled-state valence-band energy and electronic struc-local electronic properties of the inclusions, and speculate
ture, since the nearest-neighbor atomic bonding is essentialBbout how these variations could result from local variations
the same. However the{empty-statg conduction-band en- of structure and/or geometry of the inclusions.
ergy and electronic structure can be very different, resulting BEEM is a three-terminal extension of scanning tunneling
in band gaps ranging from2.36 eV for “cubic” 3C-SiC to  microscopy(STM) that can probe théocal electronic trans-
~3.23 eV for the common hexagonal 4H-SiC an8.33 eV port properties of M/S interfaces with nanometer-scale spa-
for the rare 2H-SIC polytype. Recently, the long-term stabil-tial resolution and<10 meV energy resolutio?. Typically, a
ity issue of SiC devices has received much attention after ipegative tip bias voltage V+ is applied relative to the metal
was discovered that stacking faup formatiorf during  toinject “hot” ballistic electrons into the metal, a fraction of
room-temperature electrical stressing of 4H- and 6H-8iC ~ which crosses the metal overlayer, surmounts the Schottky
diode structures® or during high-temperature processing of barrier(if they have sufficient energyand is collected in the
4H-SiC materials with heavily n-type epilayerd or  substrate as the BEEM curreit. The local Schottky barrier
substrate&® caused significant changes to optical and electrineight(SBH) and additional information of the semiconduc-
cal behavior. It was found that basal plane SFs in 4H-Sicor conduction band structure can be obtained by measuring
host resulted in planar “cubic inclusions,” i.e., thirc1.5 @ BEEM spectrunii.e., a BEEMIc—V7 curve and fitting it
nm) sheets with cubic 3C local stacking embedded in thd© @ well-established modél.
4H-SiC host(in the electrically stressed diodes, all the in-
clusions observed by TEM were found to be of the “single—”- EXPERIMENT
SF” type>® while those observed in the high-temperature- The starting materials were 35-mm-diam 4H-SiC wafers
processed material were all “double-SF” inclusi6fis9.  purchased from Cree, Inc. that had auth lightly n-type
It was proposed that these cubic inclusions should behavid-doped (1—-1.%10'cm™3) epilayer on a heavily-type
N-doped (3% 10cm™3) Si-face substrate with an 8° sur-
dElectronic mail: jpelz@mps.ohio-state.edu face miscut from thg1000 hexagonal close-packed basal
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(b)

Fic. 2. (a) (150 nm? STM image of an 8-nm-thick Pt film on transformed

4H-SIC, taken at/+=1.5V and tunnel current of 5 nA. Gray scale: 4 nm.

(b) Simultaneous BEEM image. The gray areas have zero BEEM current.

(c) BEEM image over the same area takerVat=2.0 V and tunnel current
STM tip of 5 nA. The gray scale here is different than(b), and BEEM current is

(c) 3‘ v, everywhere from dark areas to bright areas.

\Pt& -::L first one. This is essentially the same behavior as found in
e - Al earlier studies on normal Pt/4H-SiC contacts, which found a
c-axis P , [ 1.58+0.03 eV SBH and a second CBM at0.14 eV
cubic inclusions - 4H-SiC higher'® However, if we search for BEEM current at\&
Fic. 1. (a) Cross-sectional TEM image of a cubic inclusion in 4H-Sic. =1.5V (just below the SBH of bulk 4H-SiC we can easily
Arrows indicate the two successive SFs that formed the inclugiprsche- locate where the 3C-SiC inclusions intersect the Pt—SiC in-
e o Lt st lord e ragged INn) - tetace. Figure @ 1 a(150 nny* STM topographic image
of the top metal surface of a diode made with an 8-nm-thick
Pt film, and shows no particularly distinctive features other

plane. After a 90 min dry oxidation at 1150 °C, many basal-than~6-nm-diam Pt crystallites, which are normal for poly-
plane cubic inclusions were found to have formed in thecrystalline thin mgtal films. Figure(B) is a simultaneously
central part of the wafer, where the substrate happened tHeasured BEEM imag plot of local BEEM current versus
have a higher doping levéf* High-resolution cross- tip location at V+=1.5V, and shows a stra|ght “stripe” of
sectional TEM imagefFigs. Xa) and 1b)] revealed that all strongly enhanced BEEM (_:urrer_lt, but es;entlally no BEEM
the imaged cubic inclusions were of the double-stacking€urrent elsewhere. The bright linear regions have reduced
fault type, and TEM and secondary electron imaging reSBH as compared with bulk 4H-SIiC, and correspond in

vealed that many of the inclusions extended all the way tPacing and orientation with cubic inclusions observed with
the epilayer surfack!® as illustrated in Fig. (). Macro- ~ TEM in the bulk and with secondary electron images of the

scopicl -V and C—V measurements on metal—film diodes transformed part of the bare wafeY! BEEM spectra mea-
on the transformed region revealed a SBH reduction ofured away from the high-BEEM stripes are always like
~0.41-0.47 eV, but with the same dependence on metdhose of normal Pt/4H-SiC contacts with a local SBH of
work function indicating a similar Schottky barrier pinning 1-54-0.02 eV (right-most curve in Fig. § confirming that
strength for the transformed and untransformed material. ~95% of the sample surface looks just like untransformed,
Cleaved and oxide-stripped pieces from the transforme@Ulk 4H-SIiC. However, directly over the stripes, BEEM
region of a wafer were then studied with BEEM. The waferSPectra yield a local SBH of 1.610.03 eV (left-most curve
surface was cleaned and introduced into ultrahigh vacuur? Fig- 3, which we found over all but one location on the
(UHV) as described in Ref. 14, and then two sets of 0.5-mm=>100 stripes on which BEEM spectra were measitoe
diam Schottky diodes were made situ by depositing~8 ~ SOI€ exception will be discussed later .
and~4 nm Pt films, respectively, through a shadow mask at Although not the major issue in this article, we believe
room temperature using e-beam evaporation. Room temperi1at the measured0.53 eV local reduction in the SBH over
ture BEEM measuremenfglustrated in Fig. 1c)] were per- ~ an inclusion represents a reasonable estimate of the QW en-
formed in an adjacent UHV chamber. A “tip locking” ©€"9Y in an inclusion, i.e., the energy offset between the CBM
sition program so that we may repeatedly measure BEEMSCussed in detail in Ref. 14, where we estimate(a06 eV
spectra over the same locations on the samplssially uncertainty in this energy, and address in detail the very im-
within a few nanometejs The UHV environment also en- portant issue of how Schottky barrier pinning effects over the

ables us to make reproducible BEEM measurements on tHaclusions could affect quantitative estimates of the QW en-
same samples for many months. ergy. Here we note that our estimate is in reasonable agree-

ment with the 0.60 eV QW energy calculated by Iwata
et al®® for double-SF cubic inclusions in 4H-SiC. We also
ll. RESULTS AND DISCUSSION emphasize here that the measured local reduction in SBH is
Most BEEM measurements on the transformed SiCtoo large to be explained solely by a surface effect, such as a
samples measured at random locations show a local SBH ¢dw barrier-height “patch” on an otherwise homogeneous
1.54+0.02 eV and a second CBM at0.13 eV above the substraté? But it is easily explained by a thin sheet of ma-
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also suggests that the true width of the QW “opening” is
significantly smaller thar-8 nm.

With regard to BEEM spectra measured over the inclu-
sion, we have found that two BEEM thresholds in the Bell—
Kaiser modef® are needed to get a good fit for mafiut not
all) of the BEEM spectra measured over inclusions. For ex-
ample, the leftmost curve in Fig(@ shows a BEEM spec-
trum measured over an inclusion, which can be fit extremely

' ' accurately by the Bell-Kaiser model if we assume two
0.8 1.0 1.2 1.4 1.6 1.8 thresholds(the second threshold is indicated by the dashed
VT (V) arrow). The lowest threshol@dvhich is the only threshold for
Fic. 3. Typical averaged BEENI-—V curves(average of 53 to 95 indi- some SpeCtl)aNE_:lS always foun.d to bel'OlJ._rO'OS eV(with
viduall .-V curves at the same locatignkeft: measured on an enhanced- the one exception discussed in the followinglowever, the
BEEM stripe(scaled by a factor of 0.35Right: away from a stripe. Middle: ~ Second threshold varied greatly in enefgpm 1.05 to~1.3
on the boundary of a stripe. Solid arrows indicate SBHs determined byeV/), and the relative magnitude of BEEM current into this

fitting the data. Dashed arrows indicate the second thresholds. Fitted curv%second transmission channel also varied greatly from one
are not shown here because they are almost completely overlapped by the

measured data. position to another. This is in contrast to the BEEM measure-
ments over the 4H-SiC regions away from the inclusions,
where a second threshold is always found at 802 eV,

. . . . with approximately the same relative wei ually about
terial with a lower energy conduction barf propagating three Err‘)nes as big as that of the first thgl;,‘;om };econd

state$ that intersects the metal interface, creating a lower- . ST .
energy channel for BEEM electrons to conduct through thethreshold is generally thought to be an indication of a higher
nergy CBM'® and this second threshold for normal 4H-SiC

near-surface depletion region and into the substrate. This S
illustrated in Fig. 4, which shows our calculated conduction-coiresfonis tot a (I;nor\:vn seconddCtlaM fﬁrlgH_é.??M: do

band potential energy profiles for a double-SF cubic inclu-not yet ulrll erstand why a_selcoq reshold exists for some,
sion intersecting a M/S interface, assuming the QW supportQu not all, areas over an Inclusion.

a 2D conduction band with its CBM at 0.53 eV below the W? have fo.und that the measured SBH over the 4H-SiC
4H-SiC bulk CBM. host is essentially the sante-1.54 e\j on either side of an

inclusion, within our~0.02 eV measurement uncertaifity.

Around the stripe boundarie@gniddle curve in Fig. 3 ' i -
BEEM spectra appear to be a superposition of a QW Spedﬂowever, we find that there is a clear asymmetry indhe

trum and a bulk 4H-SiC spectrum, with relative weights thatPlitude of the BEEM current into the 4H-SiC on one side of
depend on the distance of the tip from the inclusion. This igh€ inclusion compared to the other side. Figur@ 2hows a
probably due to “spreading” of BEEM electrons in the metal BEEM image measgred over _the same area as in Figs. 2
film caused by multiple quasielastic scatterfigf we fit ~ @nd 2b), but here with a tip bia¥r=2.0V, which is well
these boundary spectra as a superposition of two spectra, vi@ove the SBH for the host 4H-SiC. The enhanced-BEEM
obtain essentially the same two SBHs1.54 and~1.01 eV} stripe over the inclusion is still clearly identifiable, but the
as found far from the inclusions and directly over them, re-BEEM current over the host 4H-SiC is clearly smaller on the
spectively. Such a spreading of BEEM electrons is also contght side on an inclusion as compared to the left side, for a
sistent with measured BEEM profiles over the inclusionsdistance up to-40 nm from the inclusion. We have observed
with V1=1.5V, which show an apparent width of8 and @ similar asymmetry in BEEM images around all inclusions
~10 nm for 4- and 8-nm-thick Pt film, respectivéfyThis ~ whenever the tip bias is larger than the 4H-SiC SBH. Recall
that the bright line in BEEM images is located where the

planar inclusionintersectsthe metal interface. We suspect

that this asymmetry in BEEM amplitude is due to the asym-

metric geometry of the inclusioanderthe surface, which is
15 . inclined at a shallow-8° angle down and to the right of the

(e.V)

intersection line, as illustrated in Fig(cd. When the tip is to
the left side of an inclusion, hot BEEM electrons injected
into the 4H-SiC host do not encounter any subsurface inclu-
sions close to the metal interface. In contrast, BEEM elec-
(b) trons injected to the right of the intersection line will encoun-

ter the planar inclusion immediately below the surface. It is
likely that this QW inclusion enhances scattering of BEEM
Fic. 4. Calculated potential profile near a Pt Schottky contact on 4H-SiCelectrons back into the metal due to an unmatching imped-
with double-SF inclusions, which shows QW 2D CBM extending into the 4306 petween bulk 4H-SiC and the inclusion, hence reducing
bulk 4H-SiC along the inclusionga) Close-up view of a QW opening at the . . . .
M/S interface.(b) Larger-scale view of the depletion region. Note that the th€ magnitude of the BEEM current to the immediate right

QWs are partly filled deep in the bulk. side of all inclusion intersection lines.

JVST A - Vacuum, Surfaces, and Films
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Fic. 6. Schematic illustration of the step structure on the vicinal SiC surface
near the opening of a cubic inclusiéshaded bar with two different con-
figurations in(a) and (b).

N [\/\ i M Pt film, as shown schematically in Figgapand &b) for two
A4 possible step arrangements. These figures assttrizgs nm

width for the inclusiorf! and an~1 nm atomic step height

on the surrounding 4H-SiC vicinal basal plane surfice,

which is the stacking repeat length along thexis.

1 1 1 Interestingly, the inclusion on the left-hand side of Fig. 5

has an obviously smaller BEEM current amplitude, but cor-

' responds to a deeper topographic depression, as compared

E with the inclusion on the right-hand side. With reference to

i Fig. 6, it is easy to rationalize this behavior. If an inclusion
J\ é happens to terminate close to the adjacent “uphill” 4H-SiC

step[Fig. 6(@)], then one would expect a somewhat deeper-
) ) ) ) than-average topographic depression, as well as a smaller-
0 20 40 60 80 100 than-average “opening” for electrons to enter the QW, re-
Distance (nm) sulting in a smaller BEEM amplitude. Note also that the
topographic depression should be centered to the left of the
Fie. 5. (@ (150 nm?® STM image, taken &¥r=1.5V and tunnel current of 3y opening, consistent with our observations. We also note
5 nA. Gray scale: 4 nm(b) Simultaneous BEEM image. The gray areas . . .
have zero BEEM currentc) Averaged STM topographic profile frofa.  that the measured SBH for the inclusion on the left-hand side
(d) Averaged BEEM current profile fronb). (c) and (d) are vertically IS 1.01+0.02 eV, compared with 0.990.02 eV over the
aligned, a_md the dashed vertical lines indicate the location of the highpther inclusion. This small but systematic difference in SBH
BEEM stripes. is possibly related to the different geometry of the two inclu-
sions’ openings at the M/S interface.
As discussed earlier, all inclusions we studied with BEEM
We carefully measured the density of inclusions on twohad a measured SBH of 1.60.03 eV, with one notable
different Pt contacts, by sampling5% of the 0.5 mm con- exception. Around a particular location on one inclusion, we
tact diameter along a line perpendicular to the high-BEEMmeasured a SBH 0f-0.86 eV, or~0.15 eV lower than all
stripes. The average inclusion density was found to beéhe rest. We note first that it is difficult to think of a tip
~1.8/um and ~1.5/um for the two contacts, although the artifact that could cause such a lowering in measured SBH,
total number of inclusions measured in this density surveysince tip-related artifacts should causeiaoreasein mea-
was not big enough to be sure that this difference in measure SBH(such as a tip with an insulating particle at its gnd
sured inclusion density is statistically significant. The typicalor a simple spatial smearinguch as a blunt or double }ip
separation between inclusions was highly nonuniform, rangEnergy conservation makes it difficult to imagine how a tip
ing from >2 um down to~60 nm apart. artifact could allow BEEM electrons to cross a Schottky bar-
Figures %a) and b) show a region where two inclusions rier if the tip voltage is significantly less than the barrier
happen to be only-60 nm apart from each othéthis cor-  height. Instead we suggest that this anomalously low SBH
responds to ar-8 nm separation along theaxis). Figures  could be a real effect, resulting from a QW inclusion that is
5(c) and gd) are the averaged STM topographic and BEEMslightly wider than the predominant double-stacking fault in-
profiles over these the two inclusions, respectively. The to€lusion. It is well established theoretically that wider cubic
pographic profile shows small topographic depressioninclusions could exis{resulting from three, four, or more
(<0.5 nm deep centered~5 to 10 nmto the leftof the  closely spaced stacking faulf€ and such wider cubic inclu-
center of the corresponding bright BEEM stripes. We findsions have been obsenfédand sometimes intentionally
cubic inclusions are often associated with this kind of smallproduce¢gf* in as-grown 4H-SiC. They are expected to be
topographic depressions, which are always found slightly tosery rare in processed material because the formation energy
the left of the bright BEEM stripes. However, similar depres-is significantly larger than for single and double SF-induced
sions were also observed at locations with no extra BEEMnclusions.
current or reduced barrier height. We suggest that these small However, if one did exist, it should have a significantly
topographic depressions are due to details of the local stdpwer QW energy, due to reduced electron confinement. For
structure of the vicinal SiC surface under the polycrystallineexample, Iwatzet al?! have calculated that the QW energy
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