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Abstract. we study the surface morphology of homoepitaxially grown 4H silicon carbide in terms
of growth rate, miscut direction of the substrate and post growth argon thermal annealings. All the
results indicate that the final surface morphology is the result of a competition between energetic
reorganization and kinetic randomness. Because in all observed conditions energetic reorganization
favors surface ondulations (“step bunching”), out-of-equilibrium conditions are one of the keys to
favor the reduction of the surface roughness to values below ~0.5 nm. We theoretically support
these results using kinetics superlattice Monte Carlo simulations (KsIMC).

Introduction

4H Silicon carbide films are usually grown on misoriented substrates, i.e. substrate with
surfaces few degree off from the (0001) plane, to facilitate step-controlled epitaxial growth.
However, due to surface steps, self ordering is commonly observed after thermal treatments,
epitaxial growths or etching under suitable conditions. Various interesting phenomena related to
step-and-terrace structures such as faceting[ 1], step bunching[2,3 ,4 ,5] and step meandering[6] are
known to occur during epitaxial growths on misoriented substrates [7,8 ,9 ,10 ,11]. All these surface
instabilities are of great interest from a viewpoint of not only crystal growth but also electronic
engineering, because device performance is affected by ‘‘micro-roughness’ at a junction interface
or on the surface. This phenomenon is particularly critical in high-power devices where the junction
interface can cause electric field crowding[12], negatively impacts the channel mobility[13] or the
oxide breakdown characteristics in metal-oxide-semiconductor field effect transistors
MOSFETs[ 14].

This nano-ordering is the result of a competition between two opposing tendencies:
energetic (step-step attractive strain interaction[15,16], step reactivity[17,18 ,19]) which favours the
re-organization in terms of nano-ondulations and the generation of step meandering (zig-zag
features of the steps, see Fig.3), and kinetic which, by increasing the overall randomness of the
deposition, hinders it (see Fig.1). To explore the role of the surface kinetics on the final surface
morphology we have studied two film grown under the same deposition conditions (on 4H-SiC 4°
degree off <11-20> misoriented substrates at 1650° C/Si=1.1) but changing the growth rate, from 4
um/h (lowGr sample) to 27 um/h (highGr sample). Furthermore, to highlight the role of the
crystallographic reconstruction on the step structure, we analyzed the surfaces of two films grown
on <11-20> and <1-100> misoriented 4H-SiC substrates after high temperature (T=1650°C) low-
pressure (20 mbar) argon annealing. Finally we compared the experimental results on the growth
rate with 3D kinetic Monte Carlo simulations on super-lattices [20,21].
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Fig.1 Schematic mechanisms behind energetic vs. kinetic surface organization

Surface analysis

We have analysed the surface morphology of the samples using both SEM, to allow for a
complete inspection of the whole film, and AFM, to allow for a qualitative evaluation of the surface
roughness (R,;). Fig.2 shows two representative surface morphologies associated to the lowGr and
highGr films. As can be seen, only the first one is affected by a periodic ondulation of the surface,
which results in a higher root-mean-square roughness: ~1.2 nm to be compared to the ~0.3 nm of
the highGr film.

Fig.2 SEM images of the surface for the low (left) and high (right) growth rate samples.

Note that the R, of an ideal (i.e. without any surface re-organization) 4° degree off 4H-SiC, as can
be deduced from simple geometrical considerations, would be equal to:
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Thus, even the highGr film is affected by surface reorganization, but to a much lower extent
compared to the lowGr one.

It is interesting to note also that the highGr sample shows isolated macro-steps [11] (note the
isolated horizontal line in the SEM figure of Fig.2, right), these isolated macro-ondulations, which
could cause localized electric field crowding and device leakage [12], have been found to disappear
by further increasing the growth rate to 60 um/h. Work is underway to better characterize this
dependency.

These results, together with the observed increase of the surface roughness after high
temperature thermal annealing [11] shows that out-of-equilibrium conditions (specifically high
growth rates) are indeed capable of hindering the re-organization of the surface during crystal
growth.
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High temperature Argon thermal treatment

Aiming to better analyze the impact of the energetic reconstruction on the surface
morphology and to highlight the crystallographic structure of the fully reconstructed surfaces we
have annealed for 30 minutes at T=1650°C and low pressure (20 mbar) in argon ambient two
samples grown on substrates with two different miscut directions: the standard one (the <11-20>)
and its perpendicular (the <I1-100>). This allows to obtain insights on the equilibrium configuration
of the steps and surface [22] in both crystallographic directions.

Fig. 3 SEM 1mages of the surface steps for the films grown on a <11 20>(left) and <1-100>(right)
misoriented substrates. This reconstruction as been observed on both as-grown and post-argon
annealing. The latter ones show an higher degree of reconstruction, as expected.

As can be seen in Fig.3, the steps present very different morphologies. Step meadering, observed on
films grown on <11-20> misoriented substrates is not present on the film growtn on the <1-100>
direction. The two different morphologies are related to the minimization of the surface dangling
bonds that tend to align the surface steps towards the [11-20] equivalent direction (see Fig.3
captions). In the case of the <1-100> miscut direction the steps are already aligned towards the [11-
20] direction, so that no reconstruction is needed.

The "tread-to-riser angle"[10,15,16] of the two films as calculated from the height profile measured
with AFM has been found to be equal to ~10° degrees for the <11-20> direction[9] and to ~20°
degrees for the <1-100> one, this result reveals the more compact ondulation of the steps for the
film grown on <1-100> misoriented film. Cross sectional TEM analysis are underway to better
characterize this result.

Finally, to fully characterize the impact of the growth rate on the film properties we have
analyzed the lowGr and highGr samples using the micro photoluminescence (PL) microscopy[23]
to determine the density of single Shockley stacking faults[24] in the two films. Fig.3 shows an
intensity map of the room-temperature PL peaks related to the (1,3) stacking faults (which is

associated to a peak located 0.2eV below the band gap [25,26 ,27]).
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Fig.4 Full 4’ inch wafer intensity micro photoluminescence analysis of the (1,3) single Shockley
stacking faults (2.91eV) of the lowGr and highGr samples.
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As can be clearly seen in Fig.4, the highGr film shows a lower density of single Shockley stacking
faults. This is an important and rather unexpected behaviour given that the out-of-equilibrium
conditions used in the low R, sample should favour the generation of defects. On the other hand, a
low surface roughness is the result of narrow terraces (see Fig.1 and 2) which are, indeed, capable
of hindering the generation of defects and promote homoepitaxy [17,28 ,29]. The connection
between defects generation, surface morphology and growth parameters requires further studies and
is currently under investigation.

Monte Carlo simulations

To theoretically explore the connection between surface energy minimization and kinetic
randomness we used 3D kinetic atomistic simulations. The algorithm used, named Ks/MC, is an
improvement over standard Monte Carlo algorithms, which usually retain fixed atom positions and
bond partners indicative of perfect crystal lattices, this one, instead, relies instead on a refined
super-lattice including, within the perfect crystal structure, defective sites identified as
complementary sites for each (0001) hexagonal close packed (h.c.p) layer [20]. This allows for a
deeper description of the active mechanisms during crystal growth (island nucleation, correlation
between the evolution of islands with different symmetry, correlation between the island and step
evolution, interaction between bulk and surface structures) and thus a deeper description of the
growth kinetics. The probability Pj;, for the displacement of a kinetic particle from site "i" to the

site "j", is defined using the "bond-counting method":
P, =P =0, exp{~(E | +E, 1! +R,E;) / kyT) (1)

i — L hop reg'ti
where kg is the Boltzmann constant, 7' is the system temperature, 0, is the hopping frequency
prefactor, n" and E,., are the number of second (regular) neighbors and the associated bond-
strength whereas n;' and Eger are related to the use of the super-lattice and represent the interaction
between the particles in the perfect crystal and those in defective configurations [20]. The (R.zEr)
term represents a beyond-second-neighbours interaction on the [0001] direction that distinguishes
particle energetic in cubic and hexagonal layers [17,18,19] promoting step bunching[17] and 3C
nucleation[21].
To study the surface reorganization as function of the growth rate we have analyzed the terrace
width distribution (TWD) of simulated surfaces after homoepitaxial growths. The TWD will be
single peaked, with the peak located at the initial terrace width, if no step bunching is present. On
the other hand, the step bunching leads to a reorganization of the surface with a splitting of the
distribution: one peak located at small terrace widths, associated to the bunched regions, and one
located at large terrace widths (larger than the initial one) [2,17]. As can be seen the distribution is
single peaked only at high growth rates where kinetic randomness dominate the surface morphology
in qualitative agreement with the observed experimental results.
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Fig.5 Pre and post-growth terrace width distribution as function of the growth rate (adatom
impingement rate). A double peak distribution (present only at low growth rates) is indicative of a
reorganized surface.
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It is important to note, that atomistic algorithms (such as the one used in this study) are
limited in their capability of explore large systems (in this case the computational box was limited
to surface areas smaller than 100x100 nm) so that the KsIMC can capture only the first stages of the
surface reorganization. This prevents a quantitative theoretical description of the reorganization
mechanisms which has a final periodicity of more than ~50 nm).

Summary

By analyzing the surface morphology of "as-grown" and post-annealing 4H-SiC films grown
with different growth rate and on different miscut directions of the substrates we explored the
interplay between energetic reorganization (which leads to nano-ondulated or step-bunched
surfaces) and kinetic randomness, which hinders it. Specifically, for the growth conditions
considered (growth temperature T=1650°C, C/Si=1.1 grown on <11-20> 4° off misoriented
substrates) an increase of the growth rate from 4 um/h to 27 um/h is sufficient to avoid the nano-
oundulations and decrease the average surface roughness from ~1.2 to ~0.3 nm. The same
deposition conditions showed also a reduction of the single Shockley stacking faults, from ~15 cm’
to ~5 cm’. We compared these results with kinetic Monte Carlo simulations which allow for a
theoretical description of the kinetic mechanisms active during homoepitaxial step-flow growths
finding the same qualitative trends ( surface reorganization for sufficiently low growth rate, i.e. for
close to equilibrium conditions).
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