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Abstract. Chemical vapor deposition (CVD) carbonization = The present paper reports on a variety of carbonization
experiments were carried out on (100) silicon substrate®experiments which allow one to determine under which con-
Scanning and transmission electron microscopy (SEM anditions extended out-diffusion defects form and under which
TEM) were used to detect and characterize the interface deonditions they may be prevented. We will first describe the
fects. Conditions for preventing the formation of micropipesprevious state of understanding of micropipe and void forma-

and voids at th&iC/Si interfaces were found. tion before turning to the actually performed new carboniza-
tion experiments and the associated electron microscopical
PACS: 61.16; 68.35; 68.55 analysis.

Detection, characterization, and a proposed model of mi-
cropipe defects forming aB-SiC/Si(100) interfaces have
already been described [15,16]. These micropipes form in
CVD carbonization experiments as a second typeSeaf
Single crystalline silicon carbide is an attractive semicon-outdiffusion defects within the substrate surface besides the
ductor for high temperature and power electronics applicamore common voids which occur as inverted pyramids [7—
tions [1, 2] as well as a substrate for the epitaxial growth ofl4]. Such pyramidal voids are also known to develop under
GaN-based layers for light emitting diodes and lasers [3].SiC layers grown on silicon substrates by applying other de-
Presently, single crystallin&iC wafers (in the hexagonal position methods (for references see e.g. [13,16]). While
form 6H) are available only in diameters below ab&tm  voids remain empty during silicon out-diffusion and be-
and for prices in the order of 1900/wafer Consequent- come bridged by the growin&iC layer, micropipes de-
ly, there are development efforts underway to increase theelop by Si out-diffusion and simultaneous ingrowth of
wafer diameter or, in order to decrease the cosiSiGflay-  SiC. Micropipe densities are orders of magnitude high-
ers used for further heteroepitaxial growth, to transfer thirer than void densities. Micropipe formation was attribut-
(< 1pm) single crystallinesH-SiC layers onto an appropri- ed to the unusual pretreatment and carbonization regime
ate comparatively inexpensive substrate such as silicon, glaapplied to the silicon substrates in our previous experi-
or polycrystallineSiC. This transfer process by the smart- ments [16]. In these experiments, the substrates were an-
cut approach involves hydrogen implantation and direct wafenealed onC-containing susceptors under hydrogen flow for
bonding and allows the startififH—SiC wafer to be reusable 1 h at 1300°C which causes a high density 8iC contam-
for further layer transfers [4, 5]. Alternatively, in order to be ination nuclei on the surfaces before carbonization. These
able to produce single crystallir®C layers over large wafer preexisting nuclei favoured the micropipe formation. Initial
areas typical for silicon technology, epitaxial growthQI€C  forms of micropipes were detected which had thgiC-

(in the cubic form ofg-SiC) on single-crystalline silicon has coated crater-like origins in gaps betwe8iC islands de-
been investigated for many years. Because of the large lateloping from these nuclei. Pyramidal voids of common
tice mismatch, this approach is plagued by a relatively higlilensity were observed amid the micropipe defects of high
density of planar lattice defects. The best crystal quality islensity.

generally obtained if the initiaBiC layer is formed by car- The first TEM results from specimens of our new experi-
bonization of the silicon [6], a process which, however, fre-ments aimed at the prevention of voids and micropipes, based
quently causes the formation of pyramidal voids [7—14] andn a drastic change of the pretreatment, indicated that mi-
micropipes [15, 16] at th&iC/Si interface by out-diffusion cropipes can also develop by carbonization initiated during
processes of silicon atoms which then react with the cara temperature ramp-up procedure with Qi€ nuclei occur-

bon (supplied in the form of a hydrocarbon gas) to forming after the pretreatment [17]. The present paper describes
SiC. details of the results of these carbonization experiments, in




60

particular showing the way in which voids and micropipescarbonization experiments. Therefore, our new experiments
can be prevented. probably cover a range of parameter variations which had
not been selected before in combination with such a slow
temperature ramp. The substrates were only carbonized with
1 Experiments no layer growth following. The carbonized silicon substrates
were investigated by SEM in a JSM-6300F microscope at
As a first step in the new experiments (as compared withelatively low primary voltages. Cross-section and planar spe-
our previous carbonization experiments [15,163)Hs was  cimens were studied by TEM ih00 kV JEM-100C,400 kV
used instead o€,;H4 as the reactive gas. Then, a short-timeJEM-4000EX and®00 kV CM20T microscopes.
carbonization experiment was carried out witagHg gas,
with the initial pretreatment and the carbonization regime
kept unchanged (experimental regime 1), to check whether Experimental results
micropipes also develop with the new reaction gas. The ex-
perimental conditions were identical to those of th@s 2.1 Carbonization withCsHg instead ofCoH4 under
carbonization experiment described in [182R0°C sub- experimental regime 1
strate temperatur&0 mbartotal pressure3.5 sim H flow).
14 sccm GHg were added for onlyl sto theH» flow as the  Carbonization withCzHg for 1 s at 1220°C confirmed the
substrate was at high temperature. As before within the CV@ormation of micropipes and at the same time the existence of
reactor, in all the experiments &iC-coated graphite suscep- pyramidal voids of extremely large size; these had never been
tor was used for silicon (100) substratedlahchin diameter observed in our previous experiments withH, gas. How-
(2° to 4° off-axis). ever, such void sizes are quite often quoted in the literature
To keep the initial conditions constant throughout the newbase lengths in the order afum, see, e.g., [7,8,11,13]).
series of experiments, after each carbonization the unload-he SEM image of Fig. 1a shows a number of voids, where-
ed susceptor was carefully cleaned. The pretreatment of tlas Fig. 1b (at larger magnification) shows just one void with
substrates was drastically changed compared with that in then irregular cover but otherwise grainy structure of the sur-
first experiments [16]; it consisted of an anneal on the cleanefdice surrounding. Figure 1c (still larger magnification) re-
susceptor in a hydrogen flow &5 slmat 1000°C for only  veals gaps between these grains similar to those described
5 min, applying a total pressure 80 mbar SEM and cross- in [16,17] for the10 s carbonization withC;H4 gas. The
section TEM checks of pretreated substrates showed perfembver over the large voids consists of an incomplete, highly
surfaces without an$iC crystallites or etch pits. porous network of &iC layer, which seems partly to hang
Based on the experimental data which allowed us to avoidver the pits in the silicon surface. Experiments of growth
pyramidal voids during carbonization [18], after cooling theof SiC on Si [19] revealed similar features. Figure 1d (the
substrates t800°C, the C3Hg reaction gas was added to the same magnification as Fig. 1c) is a plan-view TEM image of
continuousH flow, followed by a slow temperature ramp- a thin sandwich sample @&iC on Si, showing, at relatively
up procedure 0200°C/min until the respective carboniza- large defocus, the contrast of the gaps in$ii@ surface with
tion temperature was reached. Further parameters of the nendensity comparable to that in the SEM image of Fig. 1c.
series of experiments considered here (regime 2) are sum- A cross-section TEM (Fig. 2) of this sample revealed the
marized in Table 1. Total pressures of 50, 100 46@ mbay  following differences in details from those of tH® s car-
respectively, were chosen instead of the atmospheric pressusenization usingC;H, [16]. As expected, the grainy surface
used in [18] and in many other experiments. The hydrocarbostructure is due to aBiC coverage consisting of coalesced
gas fractions 00.33, 0.66and1 sccmadded to the unchanged grains of different heights (Fig. 2a). The long surface facets
hydrogen flow of3.5sIm are much lower than in former of the SiC grains are (100) faces. They are inclined to the

Table 1. Parameters for the new series of CVD

carbonization experiments, with results as to Experiment, Total C3Hg in Substrate  Carboniza-  \Voids Micro- SiC Layer
interface defects observeci and tBC layer wafer, run  pressure 3.5sImH, temperature tion time 5 pi%es thickness
thickness measured. The heating rate was al- # (mbay) (scem Q) C] (em™)  (em™) (nm)
ways200°C/min
594 50 033 1340 60 yes 4% 10° 18 (25
598 150 033 1340 60 10° no 4  (6)
600 100 033 1340 60 yes 8x 10° 6 (12
602 100 033 1340 10 yes 8x 10° 6 (8
604 50 033 1290 60 yes 4% 10° 12 (19
606 100 033 1290 60 yes 8x 10° 5 (6
608 150 033 1290 60 10° no 3 (5
612 50 066 1290 60 yes 12x100 65 (8
614 100 066 1290 60 no no 23
616 150 066 1290 60 no no 3-3
620 50 1 1290 60 no no 2A-2
622 100 1 1290 60 no no 2
626 150 1 1290 60 no no 2
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under the old experimental regime 1

SiC/Si interface corresponding to the off-axis orientation of ~ Some individual large voids revealed by SEM are also
the original substrate surface. In the gaps between the grairdetected in TEM cross-sections (cf. Fig. 2b). The large pyra-
micropipes begin to form, which aftérsof carbonization are midal voids are not bounded Kt 11}-type faces within the
larger and of different shape from those obtained &ftes  substrate, as carbonization-induced voids usually are, but by
of carbonization withCoH,4. The tips of the pipes within the faces of typd311}. The fragileSiClayer covering these voids
substrate are distinctly faceted alofid 1} faces, but are not (Fig. 1b) is not maintained in the cross-sections due to the
as elongated as before (see Figs. 11 and 12 in [16]). Furthepreparation procedure. However, some remnants are enclosed
more, the mean thickness of ti&C layer grown inCsHg  inthe glue within the pits. Close inspection of the TEM cross-
flow for 1 sis obviously larger than before, owing to the largersections and plan-view observations mentioned above reveal
amount of silicon consumed by the larger pipes. Steckl anthat the{311} borders of these voids are also covered with
Li [20] pointed out that carbonization witBsHg gas instead a grainySiC layer of a thickness similar to that of the (100)

of CaH4 created much thicke8iC layers under their specific  surface. Micropipe formation is weakly indicated at {8&1}
experimental conditions which, however, differ from ours.  walls (cf. Fig. 2b). The origin of these large voids will not be
considered further in this paper. SEM images (cf. Fig. 1a) re-
veal a void density of abouit®® cm=2, and plan-view TEM
images (cf. Fig. 1d) show a pipe density of abb0t® cm2.

2.2 Carbonization under experimental regime 2

2.2.1 SEM results of carbonized silicon surfaces with in-
terface defects.SEM investigations of surfaces carbonized
under the conditions given in Table 1 revealed defect struc-
tures or contrasts only for experimental runs #594—-612. All
the other experiments (#614—-626) did not indicate any con-
trast in the SEM that would point to surface or interface
Fig. 2a,b. TEM cross-section results of the carbonization experimedtsf d.efeCt.S' T.he main feature.s revealet_i by SEM are summa-
using CsHg. Initial shapes of micropipes below gaps within &€ cover ~ fized in Figs. 3a—d, reflecting experiments #604, 606, 608
layer @), and a large void bounded K811}-type faces of the substrate)( ~ and 612. The carbonization temperature was aMa@9°C,
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608 () and 612 {). Increasing the total pressure of 50, 100, 4660 mbarin (&) to (c), and doubling theC3Hg flow at 50 mbarin (d) (see Table 1)

with the total pressure varying. In one case (#612), a highespecific carbonization conditions, voids and possibly mi-
hydrocarbon gas flow was used at the lowest pressure appliedopipes may be formed or prevented.
50 mbayj.
( Base)d on similar published results of this kind [7,9, 11-2.2.2 TEM results of carbonized silicon surfaces with inter-
13,21], we attribute the dark features in the images to void&ce defectsOur TEM investigations confirmed the presence
under theSiC cover of the substrate. The void size varies beOf micropipes in addition to voids in several samples as was
tween abou250 nmin base length (see Fig. 3a) and far belowindicated by the SEM observations. Figures 4a,b show two
100 nm(see Figs. 3b,d). Only Fig. 3a shows some additionafross-sectional images from experiments #594 and 606, at
gaps in the top layer comparable to the gaps above the mi-
cropipes observed in our previous short-time carbonization
experiments under regime 1. As to sample #606 (Fig. 3b]
similar gaps of smaller size and higher density were ob"™
served by SEM at higher magnification. Unlike previous re-
sults, here the surfaces do not show a distinct grain structu}-- 5
as, e.g., in Fig. 1c, suggesting a much lower roughness
the SiC surfaces. The void densities measured in the SEN
images of samples #604 and 606 are in the order of abo
2 to 4x 108cm™2, and of sample #612, abod0’ cm=2.
The overall void density of wafer #608 (Fig. 3c) is about a
1P cm=2. Similar results were attained for the other car-————
bonization conditions within the range #594—-602. It is worth iy .
noting that there was no change in the size and densit
of most of the small dark contrast features when the car
bonization time was changed fro0 s to 60 s (#602 and
600). Therefore, most of these defects are already presej b}
after 10 s of carbonization, and do not grow any further _ , o ,
subsequently. Fig.4a,b. TEM cross-section r_esults of the_carbonlzatlon_experlments #594
a) and 606 b). Micropipes of increasing diameters terminating in faceted

SEM Opservation_s of th? s:_:lmples prepared b_y our N€Wpbles within the silicon substrate. Some pyramidal voids)n Note the
carbonization experiments indicate that, depending on thdifferent defect sizes an8iC layer thicknesses
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the same magnification. They show some micropipes witltropipes towards their end in the bubbles. There are almost no
strongly {111} faceted bubbles at their ends inside the submicropipes without bubbles at their tips.
strate. Also typical of these micropipes is their relatively A predominantly epitaxial orientation of th®iC layers
wide crater-like opening at the interface that first decreaswith respect to the substrate can be concluded from select-
es in diameter before increasing again towards the bubblesd area diffraction patterns, shown in Fig. 6. Figure 6a refers
On average, in sample #606 (Fig. 4b) these defect strude a specimen area of sample #604, including $ih€ layer
tures are smaller than in sample #594 (Fig. 4a). Voids occuiogether with a thin substrate layer and, of cou&€, with-
in Fig. 4b only. Some much larger voids, up @3 m in  in the pipes. In addition to strong diffraction spots of cubic
edge length and already bridged by tB&C layer, occur in  SiC well-oriented to the corresponding silicon spots, there
cross-sections of sample #594, in agreement with the SEMre intensities caused by double diffraction, and also weak
results mentioned above. The two images of Fig. 4 clearly reintensities of a certain polycrystallif®C portion on some
veal a distinct difference in th8iC layer thickness, which indicated diffraction rings. Combined plan-view and diffrac-
corresponds to the different volume fractions of the silicortion investigations of very thiiC layers alone were possible
substrate consumed during the two carbonization processder only a few samples. Small specimen windows were used
Measurements and correlations of 8i€ layer thickness are from which Si was completely removed by chemical thin-
described in detail in Sect. 2.2.4, and summarized in Table Ting. Figure 6b presents a diffraction pattern of i€ layer

A more reliable analysis of the defect structure of dif-and the connecte8iC in pipes of wafer #602. Aftet0 sof
ferent samples is achieved by TEM on plan-view specimensarbonization, this wafer shows densities and sizes of out-
that are chemically thinned almost to perforation. Imagesliffusion defects and a®iC layer thickness comparable to
of thin sandwich samples @&iC on silicon yield informa- that of wafers #600 and #606 (Fig. 5c). Without thieback-
tion on the lateral distribution and density of micropipes withground, besides the predomin&iC (100 spot pattern the
bubbles [16], and, to some extent, also of voids as will be deintensities of a polycrystalline portion are more distinct. For
scribed below. Figures 5a—d are cuts of plan-view images afomparison, Fig. 6¢ shows a diffraction pattern of the very
samples #594, 604, 606 and 612, at the same magnificatiotiin SiC layer of wafer #614, i.e., the first wafer of the series
They show micropipes with bubbles of different dimensionswithout out-diffusion defects underneath. Besides (h@0
and densities. In Fig. 5a the largest structures have growspot pattern this pattern (Fig. 6¢) does not show any intensi-
at the higher carbonization temperature in connection witties of polycrystallineSiC. There are only discretsiC {111}
the lowest total gas pressure a@gHg flow. Carbonization spots aligned along022) directions and clear streaks con-
using the same low pressure and gas flow but a lower termected with the{020}-type spots caused by planar defects
perature creates smaller structures of similar density (#604n {111} planes. These observations indicate that the poly-
Fig. 5b). Maintaining the gas flow and increasing the totatrystallineSiC portion in the layers with micropipe defects
pressure (#606, Fig. 5c), or increasing the gas flow at thes much higher than in the thin layers without such defects.
lowest pressure (#612, Fig. 5d) renders the defect structurédl three diffraction patterns of Figs. 6a—c show a very weak
much smaller, and their densities noticeably higher. These e&ngular broadening of th8iC diffraction spots, represent-
fects can be explained qualitatively within a simple model ofing mutual small-angle misorientations (up to abég} of
micropipe formation in which the gas pressure and the temSiC islands or grains within the layers. This is well-known
perature enter as essential parameters [15, 16] (see Sect. 3from earlier CVD growth results [22], and is also discussed in

In the plan-view images of Figs. 5a—c most of the bubblegonnection with the growth d8iC layers by molecular beam
appear faceted parallel t®11) directions, corresponding epitaxy [23]. The specimen areas selected for the diffraction
to {111} boundaries in the volume. Only the smallest bub-patterns are abodtum in diameter.
bles are spherical. The faceted bubbles at the end of the In addition to the combined TEM bright-field and diffrac-
micropipes are not easy to distinguish from the pyramidation investigations, dark-field images were taken of planar
voids because all the cavities appearing bright, includingamples, using020} or {022}-type SiC diffraction spots for
the extremely rectangular ones which should be voids, shownaging. Such dark-field images, not displayed here, clearly
micropipe features associated with them. This observatioshow a decrease of tt®&C grain size within the layers with
again proves that voids preferentially form in places wheréncreasing hydrocarbon concentration during their growth.
a micropipe already exists. Several large, nearly spherical dkssociated with the decreasing grain size is a corresponding
round, cavities are surely bubbles formed by the interactioimcrease in the density of interface defects before they finally
of growing micropipes as described in [16]. In contrast, thedisappear.
large rectangular areas of Fig. 5a denote¥ laye most likely Comparing density and size of the defect structures in
voids. SEM and plan-view TEM images of one and the same experi-

The densities of micropipes determined from larger areament (cf. Figs. 3 and 5) reveals that the dark contrast features
of images like Figs. 5a—d are betwedn« 10°cm~2 and in the SEM images are not caused only by common pyrami-
about1.2 x 101°cm=2 (see Table 1). Since the voids can- dal voids under th8iClayer but also by bubbles of larger size
not easily be identified within the high density of facetedenclosed in the substrate.
micropipe bubbles, no void densities are given in the respec- Based on the TEM results (Figs. 4 and 5), these specific
tive column in Table 1. “Yes” means that there were clearlysamples of our new experiments are characterized by rela-
distinguishable voids in the TEM cross-sections of the cortively high densities o8i out-diffusion defects at th8iC/Si
responding wafers. The TEM plan-view investigations showinterface. There is a clear tendency to smaller sizes and high-
that an increase in the micropipe density is connected witler densities with increasing hydrocarbon concentrations at the
a decrease in the average micropipe diameters. The plan-viewacting substrate surface, caused by either a higtég gas
images also confirm an increase of the diameter of the milow or a higher total pressure.
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Fig. 5a—d. Plan-view TEM images (the same magnification) of tBiC/Si sandwich samples, showing the interface defects (bubbles and voids connected
with micropipes) formed under different carbonization conditions, referring to experiments #5804 ©), 606 (), 612 d) (see Table 1)

2.2.3 Carbonized silicon surfaces without interface defectdotal pressure for even the loweStHg flow. Instead, there
For the last experiments of our series, the experimental convas a high density of slight depressions at the silicon surface
ditions were chosen such as to completely prevent voids andlith a thin SiC cover layer. Figure 7a represents these obser-
micropipes, which is, of course, a prerequisite for any elecvations. We assume that under these carbonization conditions
tronic application of these layers. initial shapes of craters that have formed betweerSikas-

No micropipes and only a few voids were detected in thdands by consuming silicon are completely covered with the
TEM cross-sections of wafers #608 and 598, at the highesgfrowingSiC layer at quite an early stage. This does not allow
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Fig. 6a—c. Selected area diffraction pat-
terns of planar samples of wafers #604
(a), 602 p) and 614 ¢). Diffraction
from SiC on Si in (a), and from SiC
alone in p) and €)

any pipes to develop further at these sites. A further increas@e surface (see, e.g., Fig. 4a) or, in some cases, (for wafers

of the hydrocarbon fraction in experiments #616 and 626t598, 600 and 608) to sites above or around a few voids. For

under the same carbonization conditions also essentially sutie thinnessiC layers, Table 1 lists only one value or a small

presses the formation of the slight depressions at the substrange of values of the layer thickness.

surface, thus reducing the interface roughness. For compar- Figure 8 shows parts of HREM cross-section images of

ison, Fig. 7b shows a cross-section of wafer #616, which ishree different wafers of our series, with Fig. 8a referring to

also representative of wafer #626. wafer #612, i.e., the one with the highest detected micropipe
Comparing the various experiments at the lowest totatlensity and with asiC layer of medium thickness. In regions

pressure 060 mbarconfirms the above tendency of interface between out-diffusion defects there are sections of a rather

defects to disappear with increasing hydrocarbon flow. DoubperfectSiC layer. Figure 8b shows part of the thinn&C

ling the C3zHg flow from 0.33 sccmfor the carbonization of layer in our series, i.e., of sample #620, with a large distri-

wafer #604, td.66 sccmfor wafer #612, causes the smallest bution of slight depressions on the substrate surface (see also

defects (pipes with bubbles and voids) of highest density (sefeig. 7c). Finally, Fig. 8c presents the somewhat thicR&z

Figs. 5b,d). Further increasing the hydrocarbon gas flow ttayer grown on wafer 626, applying the highest total pressure

1 sccmin wafer #620, at the same low pressure, fully preventsand the highest hydrocarbon concentration. All three images

the formation of micropipes. However, there still is a certainof Fig. 8, the long edges of which are cut parallel to (100)-

roughness of th8iC/Si interface due to small surface depres-type substrate lattice fringes, reveal the stepped structure of

sions, as Fig. 7c shows. the silicon surface corresponding to the off-axis orientation of

the substrates used.

2.2.4 SiC layers thickness as a function of the experimen- Figure 9 shows th&iC layer thickness as a function of

tal parameters. In the right-hand column, Table 1 lists the the hydrocarbon fraction for all carbonization experiments of

thicknesses of th&8iC carbonization layers determined from 60§ at a substrate temperature I90°C. In the encircled

TEM cross-sectional images. Medium-magnification imagesange the formation of micropipes or voids does not occur.

were used to study the thicker layers, which also showed the

strongest thickness variations. In HREM images, presenting

theSiCand substrate lattice structures, 8i€layers of mean 3 Discussion

thickness, and especially the very thin ones, were measured

more accurately. The typical layer thickness is followed byA micropipe formation model has been discussed in detail

the maximum layer thickness given in brackets. The lattem [15] and [16]. The description of the model includes a mi-

refers to single tips or hills of protruding islands or grains oncropipe radius that results from two competing diffusion pro-

Fig. 7a—c. TEM cross-section images of experiments #688 616 @) and 620 ¢). Note the difference in th&8iC/Si interface roughness as a function of
carbonization parameters and extremely tBi€ layers
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Fig. 8a—c. High resolution cross-section |mages$1C Iayers on silicon, referrlng to experiments #6@2, 620 @) and 626 €). Note the high den3|ty of
planar defects in the very thiiC layers

cesses, essentially depending on diffusivities and concentrdrocarbon concentration afmt total pressure in the CVD
tion differences of diffusing silicon and hydrocarbon speciesreactor as expected from (1). The micropipes grow during the

Within this model the micropipe radiug is given by temperature ramp and show an increasing radius towards the
bubbles. Increasing temperatures lead to an exponentially in-
rp = [2DsiACsitsicnsic/(Dc ACcnsi)] 2 (1) creasingDs; (whereas the diffusivity in the gaBc should

increase only linearly with temperature) so that, based on

whereDyg; is the surface diffusion coefficient of silicon over (1), an increasing radius with increasing temperature is ex-
a SiC covered silicon surface)c the gas diffusion coeffi- pected. As pointed out earlier [15], the bubbles themselves
cient of the hydrocarbon gas which supplies the carbon foshow a drastic increase of the pipe radius by silicon out-
SiCformation,ACs; is the difference in the areal silicon con- diffusion without a remarkable further ingrowth 8fC, indi-
centration on theiC layer between the bottom and the top cating a closure of the pipe channels by the grov8i© The
of the micropipetsic the thickness of th&iC walls cover-  narrowest places of the pipes are assumed to be preferentially
ing the interior of the micropipais; the volume density of closed if the silicon out-diffusion increases with temperature,
silicon andnsjc the volume density of silicon carbide. Final- and if the effective flux of hydrocarbon gas into the pipes is
ly, ACc is the difference in the concentration of carbon inreduced. The bubbles at the top of all micropipes indicate the
the hydrocarbon gas between the bottom and the top of thend of pipe growth and the pipe closure due to the sealing of
micropipe. The quantityACc is directly proportional to the the substrate witlsiC. Since micropipe growth does not start
corresponding difference in the pressure of hydrocarbon gast the same time for all micropipes, the pipe radii differ to

In our earlier experiments [16], the micropipes grew ata certain extent within one sample. Pipes initiated at a low-
a given constant high temperature and gas pressure and theeetemperature are expected to be smaller, to close earlier and
fore the micropipe radius showed a rather narrow radiugnd in smaller bubbles.
distribution. Only at the very end of the process when the Micropipe formation under the new conditions is assumed
micropipes were finally overgrown withiC, the available hy- to be possible only at sufficiently high temperatures in combi-
drocarbon flux dropped (corresponding to a decreagi@g)  nation with a high density 08iC nuclei or islands, and with
with a correspondingly drastic increase in radius causing tha certain silicon surface roughness occurring as depressions
bubble-like features at the end of many micropipes. at the substrate surface. This surface roughness is now much

In the present experiments, we were able to observe thewer than that for th&iC contamination nuclei in the former
influence of changing temperature and hydrocarbon pressurexperiments. The relatively small size of the grains within the
The new results obtained clearly show a decrease of the mgiC layers of dark-field images corresponds to a high nucle-
cropipe radius at th&iC/Si interface with increasing hy- ation density. High nucleation densities are generated during
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1290°C, 60 s Thus, we have shown that it is possible to attain microscop-
12 #604 x 200°C/min ically sharp defect-fre&sSiC/Si interfaces under optimized
x50 mbar carbonization conditions, even in CVD processes, which are
performed at much lower pressures than previously used for
e 100 mbar the prevention of interface defects such as voids [13]. The rea-
'é" 10 O 150 mbar son why already lower hydrocarbon pressures are sufficient to
c prevent the formation of out-diffusion defects appears to be
';' associated with the slow temperature ramp-up we used which
o 8 aIIows th_e development _of a suffl_c_|ently hlgh_densnyS)C _
c nuclei. Finally, we mention specifically that in the cases in
ﬁ which out-diffusion defects such as micropipes and voids are
= X 612 prevented, the density ¢fL11} stacking faults and twins in
t 6 No voids or the SiClayer becomes particularly high.
g +t 606 o micropipes
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