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Preferential carbon etching by hydrogen inside hexagonal voids
of 6H-SiC „0001…
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6H-SiC~0001! samples have been etched in a hot-wall chemical vapor deposition reactor at a
hydrogen pressure of 13 mbar at 1800 °C. The surface morphology and elemental composition have
been studied by scanning electron microscopy and micro-Auger analysis. Stoichiometric etching of
SiC with equal atomic concentrations of Si and C is found on the flat sections of the surface, but in
hexagonal voids of the SiC samples, a selective removal of C, leading to a pure Si surface at the
bottom of the voids, is observed. Fast gas diffusion is the main transport mechanism for etching of
the flat surface, while Knudsen diffusion becomes important inside the voids. It is proposed that the
lower diffusion constant of reaction products containing Si compared to those containing C, leads
to a preferential removal of C and a Si enrichment inside the voids. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1519962#
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The application of SiC for devices relies heavily on t
removal of the abundant defects, which are generally fo
on SiC surfaces. The hydrogen etching of SiC is an ind
pensable tool to remove the inherent defects and polish
scratches from SiC samples. It is well established that ato
cally flat SiC surfaces with terraces, which are separated
single unit cell high steps~15 Å! can be obtained after hy
drogen etching.1,2 The scanning tunneling microscop
atomic force mircroscopy, and low energy electron diffra
tion experiments of these studies indicate an atomic struc
near the surface region, which corresponds to a truncatio
the hexagonal SiC substrate. Consequently, both elemen
and C are expected to be present near the surface regio
equal concentrations.

In this study we report on a different etching behavior
the interior of hexagonal voids, which are common defe
on SiC substrates,3 compared to flat parts of the SiC sample
We performed a chemical analysis of the SiC surface w
high spatial resolution before and after hydrogen etchi
and we identify a preferred removal of C from the interior
hexagonal voids, where only Si is detected.

It is proposed that different diffusion mechanisms of t
gas phase reaction products in the void as compared to
surface regions are responsible for this behavior. This a
ment relies on the fact that the lateral dimensions of
voids ~approximately 10mm! are considerably smaller tha
the mean free path of the gas species under our low pres
etching conditions.
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The samples were cut from an on-axis, nitrogen-dop
n-type ~resistivity 0.03– 0.12V m21) 6H-SiC~0001! wafer.4

Prior to hydrogen etching the samples were cleaned
methanol in an ultrasonic bath. Hydrogen etching of the
samples was performed in a horizontal graphite hot-w
chemical vapor deposition reactor5 at a hydrogen pressure o
13 mbar, with no other gas added. The samples were he
to 1800 °C at a hydrogen flow of 6 l/min, which was als
applied during heating up and cooling down. The exposur
hydrogen at 1800 °C lasted for 20 min. One sample w
subsequently etched at a reduced temperature of 1775 °C
an additional 40 min. We estimate a SiC etch rate of appro
mately 10mm/h for these experiments. We have chosen th
conditions based on our previous experiments on conca
shaped SiC surfaces, where we concluded that a lower t
perature of 1700 °C was not sufficient to establish an eq
librium surface morphology in the concave areas.6 After
hydrogen etching, the samples were analyzed by scan
electron microscopy~SEM! in topological and elementa
contrast mode. Energy dispersive spectroscopy of x-ray
tensities~EDS! has been performed to characterize the
emental composition within the imaged areas. In a sec
UHV chamber, SEM and micro-Auger spectroscopy ha
been performed to get an independent chemical analysi
the surface composition within the voids and on the flat s
face areas. The micro-Auger data presented in Fig. 2~c! are
taken from an area of approximately 500 nm in diameter

Before we discuss our results on the different etch
behavior inside and outside of voids in SiC, we give in F
1 a brief flavor of what hydrogen etching does to the surfa
morphology of a void. Figure 1 shows SEM images of a S
sample with voids, imaged as black depressions, before@~a!
and ~c!# and after@~b! and ~d!# hydrogen etching. Before
etching, two voids, one with an elliptical and one with
needle-like perimeter can be identified. The zoom-in of F
1~c! shows that the elliptical void has a diameter of rough
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10 mm. The bottom is filled, and the sidewalls are almo
perpendicular to the surface.

After etching, the same surface area has been found
SEM due to the characteristic voids. Figures 1~b! and 1~d!
reveal that hydrogen etching changes the perimeters of
voids to a more hexagonal pattern. We ascribe this to
hexagonal structure of the SiC sample. The perimeter and
sidewalls of the voids are now oriented along well defin
directions. This transition from an almost isotropic round
shape for the not etched samples to this hexagonal pa
reflects the hexagonal symmetry of the SiC sample. At th
experimental conditions, the anisotropy of the surface f
energy of SiC seems to play an important role for the res
ing morphology.

The diameter of the void has increased considerably
can be seen by comparing Figs. 1~c! with 1~d!. After etching,
the diameter has increased from roughly 10 to 22mm. The
sidewalls are no longer vertical, but they are inclined, le
ing to a smaller inside diameter with increasing depth wit
the void. This is a first indication of a nonuniform etch ra
Etching seems to be faster near the surface, whereas
slower near the bottom of the void. We come back to
issue of nonuniform etching later.

Figure 2 shows a SEM image of a hexagonal void a
hydrogen etching in two different contrast modes. Figu
2~a! is an ‘‘ordinary’’ SEM image and the contrast is dete
mined by the secondary electron intensity. It reflects the
pology of the void. The sidewalls, which are inclined wi
respect to the surface normal, appear brighter in contr
parallel, and flat surface areas outside and inside the
show the same brightness. The maximal diameter of the v
near the surface is of the order of 14mm. We conclude from
images of the tilted sample—not shown—that the bottom
the void is approximately 5mm below the surface. Figure
2~b! is obtained with a detector for backscattered electro
In contrast to~a!, brighter areas indicate the presence
heavier elements. Note that here the contrast between
surface area~1! and the sidewalls is much less pronounce
whereas the bottom~2! is much brighter than the surface~1!.

FIG. 1. SEM images of a 6H-SiC~0001! sample with voids—imaged as
darker depressions which are bound by brighter sidewalls—before hydr
etching on the left in~a! and ~c!, and after hydrogen etching on the righ
hand side in~b! and~d!. Images~c! and~d! show the large void of the uppe
images in higher magnification. The brighter structures near the bottom
~c! are ascribed to a corrugated uneven bottom surface. Etching induc
facetted structure of the perimeter and of the inner sidewalls of the vo
The diameter of the void increases more near the surface as compared
bottom of the void. This sample has been etched in 13 mbar hydrogen fo
min at 1800 °C, and then for 40 min at 1775 °C.
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This identifies a change of the chemical composition of
bottom of the void as compared to the surrounding surfa
We propose that the bottom is enriched in Si as compare
the flat surface, and the higher backscattering power o
(Z514) as compared to C (Z56) is responsible for the
contrast.

We performed EDS measurements inside the void at~2!
and outside at~1!. No C is found at~2!, but both elements S
and C are detected with comparable intensities at~1!. Addi-
tional depth-profiling experiments are called for to map t
elemental composition below the surface region at~2!. We
performed Auger electron spectroscopy~AES! with high lat-
eral resolution to identify the elemental composition in are
~1! and ~2!. The result is shown in Fig. 2~c!.

Figure 2~c! presents the AES data, which were measu
on the sample of Fig. 2. The upper curve was taken inside
void at position~2!, and the lower curve was taken on the fl
surface at~1!. Prior to taking the AES data, the sample h
been bombarded by 5 keV Ar ions for 7 min to remo
surface contaminants, which would contribute erroneously
the true inherent elemental composition near the surface
gion. Figure 2~c! shows, that AES signals at 91 and 271 e
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FIG. 2. SEM image of a hexagonal void taken with a secondary elec
detector in~a!. Brighter areas indicate inclined surfaces. The same void
imaged in ~b! with a detector for backscattered electrons. Brighter ar
indicate the presence of heavier elements. The brighter interior~2! is as-
cribed to a higher concentration of Si as compared to the flat surface
~1!, where Si and C are present in equal concentrations, as deduced
EDS and Auger spectroscopy.~c! Micro-Auger electron spectroscopy of th
sample of~a!, ~b!. AES data are taken at the bottom of a void—upp
curve—and in the flat region—lower curve. Hydrogen etching leads t
depletion of C at the bottom of the void, as deduced from the absence
clear 271 eV C Auger signal in the upper curve. The sample has been e
in 13 mbar hydrogen for 20 minutes at 1800 °C.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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which identify Si and C, respectively, are detected on the
surface area, see lower curve. However, the AES signal o
has dropped to the noise level inside of the void, see up
curve of Fig. 2~c!. We conclude that all three technique
EDS, backscattered intensity, and AES confirm a depletio
C at the bottom of a void after hydrogen etching. On fl
parts of the surface, however, the concentrations of Si an
remain at their original levels, which is expected to be
one-to-one ratio for the two elements due to the stoichio
etry of SiC.

The same investigation has been performed on sam
with voids, which have not been etched. There, we find
indication of a loss of the stoichiometric ratio between Si a
C within the voids, as compared to the flat surface are
Thus, the depletion of C within the void is ascribed to
non-stoichiometric etching.

Our results of preferential removal of C inside the vo
indicate immediately that the supply of hydrogen to the
terior of the void is abundant. In case of a hydrogen d
ciency, one would expect a C enrichment,7 which is not ob-
served.

In the following we propose a simple model which a
cribes the nonstoichiometric etching of SiC near the bott
of a void leading to the depletion of C to the specific inte
play between the relevant gas species in the void of sm
lateral dimensions. An important quantity in this model is t
mean free pathl of a gas molecule at the pressure of t
etching process. For the applied etching conditions
p(H2)513 mbar andT51800 °C, hydrogen is by far the
most abundant gas species and we estimatel to be approxi-
mately 60mm.8 This estimate shows thatl exceeds the di-
mensions of a void and we conclude that the flow of g
molecules in the void is determined by Knudsen diffusio
i.e., ballistic motion of the gas particles from wall to wall o
the void. By contrast, the etching of flat surface areas
determined by gas diffusion with intermolecular collisions
the main scattering mechanism.

To explain the preferential etching of C in the voids,
us first concentrate on the question, whether the reaction
or mass transfer limits the rate of etching. On the flat are
no preferential etching is observed and C and Si are etc
with the same rate. Under equilibrium conditions at an h
drogen pressure of 13 mbar and 1800 °C, the pressure o
most important reaction products~i.e., Si, C2H2 , CH4) in the
gas phase is of the order of 1022 mbar.9 At this partial pres-
sure, the molecular flux due to the Maxwell distribution
velocities in the gas phase is of the order of 100 molecu
(Å 2 s). This flux gives the upper limit for diffusion of th
reaction products away from the surface and corresponds
maximum etching rate of the order of 60mm/h. Experimen-
tally we observe an etch rate of a similar magnitude of
mm/h. This comparison indicates that the etch rate un
these experimental conditions is limited by the diffusion
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the reaction products away from the surface, and not by
supply of hydrogen nor the surface reaction rate. Under th
circumstances, the gas in front of the surface and the sur
are in local thermodynamic equilibrium and the partial pre
sures of the reaction products are the equilibrium press
for stoichiometric SiC.

Inside the voids, however, diffusion is hindered by t
small lateral dimensions of the void compared to the me
free pathl. The diffusion constantD in this regime is given
by the mean thermal velocityc of the gas molecules and th
diameterL of the void; D5cL/3 compared toD5cl/3 in
the free gas. That means, that the out diffusion of reac
products from the void to the free gas is strongly hampe
by a factor of approximately 5. As the mean thermal veloc
of a molecule is proportional tom21/2, wherem is the mass
of the molecule, the out diffusion of the heavier reacti
products is slowed down more than that of the lighter.
general, the reaction products of Si~dominant species Si! are
heavier than that of C~dominant species CH4, C2H2) and a
preferential etching of C in the voids occurs. The differen
of the diffusivities as given by the different molecular weig
of the Si versus the C gas species may lead to an enrichm
of Si species in the gas phase inside the void. This increa
the partial pressure of Si reaction products inside the v
even above the equilibrium partial pressure of Si drople
However, in front of the surface the partial pressure of S
in equilibrium with SiC, and it does not exceed the part
pressure for droplet formation.

The reduced diffusivity of the reaction products insi
the voids offers a natural explanation for the observed
clined sidewalls after etching. The reduced diffusivity due
Knudsen diffusion gets more pronounced deeper inside
void and leads to an etch rate which decreases with incr
ing depth.
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