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FIG. 4. Comparison of the strain relaxation in the film for different patch
sizes L and pillar heights h. The limiting case of a mesa structure is also
reported. All cases refer to an 8 um thick SiC film and 2 um large pillars.
The strain is obtained as the average of the & component within the SiC
film region.

variation of the pillar base influences the strain relaxation in
the film and, consequently, the curvature of the substrate.
Actually, the full scaling with pillar sizes should include also
the thickness of the film. Here we prefer to focus on a given
SiC thickness of 8 um and to provide pairs of (h; w) for dif-
ferent patch sizes, such that the curvature radius remains
larger than a critical value. In particular, we selected three
values for the curvature radius R, that are technologically
relevant for wafer manufacturability in size of 4 in. and 6 in.:
10, 20, and 25 m. In Fig. 5, we report in three different
panels (patch size of 200, 500, and 1000 um) pairs of (h; w)
providing the same critical radius. Realistically speaking, in
order to have a curvature radius of 25 m and patches of
I mm in size, one needs to carve pillars as deep as 40 um,
2 um in width and 2 yum in spacing: these are still reasonable
dimensions and aspect ratios for a Bosch etching process.
For computational limits, the (h; w) ranges that we could
explore in simulations are different for the different patches,
being limited in the largest one. Obviously, if a full size scal-
ing of the system would have been performed, the h(w)
curves would result in straight lines.

If we aim at understanding the reasons why large
patches display an unrelaxed area close to the center, if the
pillar aspect ratio is not sufficiently large, we need to get
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FIG. 5. Critical curves of pillar height h and base width w resulting in given
values of curvature radius R = 10, 20, and 25 m. Each plot corresponds to a
different patch size L = 200, 500, and 1000 pm. In all these simulations, the
SiC film thickness is equal to 8 um.

deeper in the description of the mechanism allowing for pil-
lar compliance. As described in Ref. 1 for the Ge/Si case, the
key point is that the lateral tilting of the pillars is in turn pro-
duced by the pillar free rotation, as provided by the curl of
the displacement field in the whole pillar. In Fig. 6, the curl
of the displacement calculated by FEM for h=8 um and
w=2um is reported in a color mapping for three patch
sizes, where the deformation of the whole structure (ampli-
fied by a factor 10) is also visible. This quantity directly indi-
cates the rotation extent around the y component
(perpendicular to the figure plane). It is interesting to note
two issues: the first one is that in the case of the 200 um
patch (the one with the largest strain relaxation) all the pil-
lars but the central one are rotated, while several ones for the
500 and 1000 um case are not rotated in the central area. The
second feature is that the rotation of the peripheral pillars is
approximately the same for 500 and 1000 um patches,
despite that the larger patch would require a larger peripheral
retraction of the film, and in turn, a larger rotation.
Therefore, it appears that the reason why the central pillars

FIG. 6. Color map of the rotation component of the displacements for patches of three different sizes L = 200, 500, and 1000 um (half is shown). Si pillars
are 8 um tall and have a 2 um large base. The SiC film is 8 um thick. The geometry is distorted according to the computed displacement field (magnified by a

factor 10).
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are not sufficiently rotated and, hence, the overlaying film is
not sufficiently relaxed, is the frustrated rotation of the
peripheral ones, occurring beyond an elastic maximum
which depends on the pillar aspect ratio.

In Fig. 7, we report a detailed and quantitative analysis
that better describes this concept. For patch sizes L ranging
from 100 up to 1500 um, we plot the rotation around the
y axis for each pillar, from the edge towards the center of the
patch. It is evident that for small patches the rotation scales
linearly with pillar position, a feature that guarantees full
strain release, as the tilting and the film retraction should
also scale linearly. On the contrary, for larger patches, the
rotation decay with pillar position is progressively nonlinear
and, correspondingly, the rotation of the more peripheral pil-
lars in the different patches gradually converges to a maxi-
mum value, which is essentially the same for 500, 1000, and
1500 yum in patch size. This means that in large patches the
mechanical resistance of the pillars against rotation actually
balances the contraction force provided by the film. The inset
shows the rotation of the peripheral pillars as a function of
the patch size for different pillar heights and base widths.
With respect to the usual case of h = 8 um w = 2 um, we see
that by doubling h (black circles), the rotation is larger and
the saturation value is delayed to larger patches. On the con-
trary, the blue triangles correspond to the case of doubling
w with respect to the case reported by the black curve, i.e.,
the same aspect ratio as for the red curve. In this case, the
rotation is inhibited by the larger base, and the saturation
for larger patches approximately occurs as in the case of the
red curve. Actually, the free rotation of the peripheral pillar
for a given height h strongly depends on width: as a classical
beam pinned at one end, the lateral displacement of the
opposite end under a constant tangential force depends on w,
as shown in Ref. 1 for the Ge/Si case. For such a reason, the
onset of peripheral rotation, and in turn of the strain relaxa-
tion in the film, suddenly occurs in a limited w range, as
reported in Fig. 8.
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FIG. 7. Rotation of each pillar inside a patch, for different patch size L.
Each point corresponds to a pillar from the peripheral one toward the patch
center. Si pillars are 8 um tall and have a 2 um large base. Inset: rotation of
the most peripheral pillar as a function of the patch size. Curves obtained by
doubling the pillar height h and the base width w are reported. All results are
obtained for a SiC film thickness of 8 um.
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FIG. 8. Dependence of the rotation of the external pillar (left axis) and of
the average film strain (right) on the width of the pillar base. The SiC film is
8 um thick, and the pillars are 8 yum tall.

B. Experimental confirmation for planar and patterned
3C-SiC/Si(111)

In order to test the validity of our theoretical predictions
and to offer a proof of the efficacy of the tilting pillar archi-
tecture in solving the issue of thermal bowing, preliminary
experiments were performed. 3C-SiC/Si(111) samples were
grown for both planar and pillar-patterned substrates on 4 in.
wafers in a hot-wall CVD reactor (ACISM10) with a large
reaction chamber. The standard growth process consists of
six steps: bake out, first ramp up, carbonization, second ramp
up to the 3C-SiC growth temperature, and SiC deposition.
The bake out was done at 500 °C under high vacuum (about
10~* mbar). After a quick H, etching of the Si surface, the
ethylene (C,H,4) gas was introduced in the reaction chamber
and the temperature was increased up to 1140 °C, to initiate
the carbonization. When carbonization finished a second
ramp up increased the temperature up to 1370°C, which is
the standard temperature to grow 3C-SiC. The deposition
of the 3C-SiC epitaxial layer was then performed by letting
C,H, flow into the chamber together with trichlorosilane
(TCS). A growth rate of 3 um/h was set and the samples
were prepared for thicknesses roughly ranging from 1 to
21 um, by regulating the duration of the deposition from 1 to
7h. The actual thickness for the planar substrates was then
checked by Fourier Transform Infrared (FTIR) spectrometer
(QS2200 Nanometrics), by analyzing the reflectance spectra
of the SiC layer. Substrate bowing was measured by using a
Nomarski Differential Interference Contrast (NDIC) micro-
scope (Nikon Eclipse L200). By tuning the focus on the film
surface, we measured the z-axis value at five points (center,
east, north, west, and south) on the wafer and then we esti-
mated the bow as the variation between the maximum and
minimum z-axis values.

A nearly crack-free epitaxial SiC layer (cracked area
below 10%) was obtained on a planar substrate (800 um in
thickness) only for a thickness of 1 um, resulting in a large
wafer curvature (7.6 m radius). By exploiting the Timoshenko
formula [Eq. (1)], with our estimation of 0.3% in thermal
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strain for the SiC layer, we obtain a curvature radius of 10 m.
This is quite a good agreement, by considering also the exper-
imental (unexpected) evidence that a progressive crack den-
sity (for 2 and 4 um deposition, we have cracked areas of
50% and 80%, respectively) increases the bowing, progres-
sively beyond the Timoshenko prediction. If the SiC film
thickness is virtually increased to 10 and 21 um for a substrate
as thick as 1 mm (experimentally impossible because of full
wafer fragmentation in the growth chamber), the Timoshenko
prediction for the curvature radius would be 1.8 and 0.9 m,
respectively.

On the other hand, a thick SiC film was successfully
grown on a pillar-patterned substrate as thick as 1 mm. As
schematized in Fig. 9(a), hexagonal patches sized ~100 um,
composed of hexagonal pillars of different width w and spac-
ing d, were defined on the wafer, according to the crystal sym-
metry of the (111) plane. The patches, covering the full wafer,
display different pillar base size and spacing, in order to pre-
liminarily investigate the suspended SiC film formation by dif-
ferent geometries, in a single growth run and under the same
growth conditions of the planar case. In Figs. 9(b)-9(d), we
show top-view Nomarski images of a 21 um thick SiC sample
on 20 um tall Si pillars, for three different pattern geometries.
In panels (b) and (d), the pillars have a base width of 3 and
10 um, respectively, and a spacing of 3 um, resulting in a par-
tially coalesced film with some remaining holes between the
pillars. On the contrary, in panel (c), a base width of 5um
with a pillar spacing of 2 um is found to result in a continuous
film. The analysis of additional samples with SiC thicknesses
of 3, 6, and 12 um shows that, for this geometry, a connected
SiC pillar network is formed already at 12 um. This allows
us to estimate an effective thickness of the continuous film
approximately ranging from 10 to 20 um, depending on the
patch configuration. It is not possible to perform reliable simu-
lations with such a large variation of pillar geometry across
the wafer, but still bowing measurements demonstrate that the
sample displays a satisfactory curvature radius (approximately

FIG. 9. (a) Scheme of the pattern composed of hexagonal Si pillars with
base width w and pillar distance d for a single patch. Top views by a
Nomarski microscope of L = 100 um patches after deposition of 21 um SiC
on 20 um tall Si pillars with (b) w=3 um and d=3 um. (c) w=25 um and
d=2um. (d) w=10 um and d =3 um.
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16 m), at least one order of magnitude larger than the one
expected for the corresponding planar configuration. More
importantly, the film is unbroken and crack-free, in contrast to
any one grown to the same thickness on a planar substrate.
Also, pillars remain intact for any pattern, indicating that
stresses are lower than the failure threshold.

This preliminary result provides a qualitative, still neat,
demonstration of the efficacy of the tilting pillar architecture
in doctoring the problem of substrate bowing by minimiza-
tion of the thermal stresses. Additional experimental work is
now in progress to obtain a full wafer covering with patches,
as large as 500 um, bearing a fully continuous suspended SiC
layer, in order to characterize the film for device fabrication.

C. Predictions for other epitaxial materials on Si(111)

In Sec. IIT A, we focused on the mechanism of thermal
strain relaxation (and, in turn, reduction of wafer bowing)
made possible by exploiting the Si pillar architecture, just
considering a SiC film with a thickness of 8 yum. We now
want to investigate more explicitly the role played by the
film itself when considering different film thicknesses and
materials, such as cubic GaN and Ge.

In Fig. 10, we plot the variation of the curvature radius
R as a function of the film thickness for a pillar height
h =8 um and patch size of 1000 yum: we see that there is no
variation between 8 and 20 um in thickness, mostly explained
by the interplay of the elastic constants and the residual strain
in the Timoshenko formula. Actually, if the ones for cubic
GaN/Si(001) (softer film) and Ge/Si(001) (even softer than Si)
are taken, we see that a different behavior occurs. In particular,
for Ge we used the same parameter reported in Ref. 1, while
for a cubic GaN we choose the parameter Y = 181 GPa and
v=0.352, as reported in Ref. 30, and ¢ is calculated simply
as the thermal strain due to the difference in the thermal
expansion coefficient with Si. In the latter case, we considered
a deposition temperature of 900°, which is a reasonable aver-
age between the different values reported in literature, for dif-
ferent deposition techniques. Regarding the thermal expansion
coefficients, we use here 5.59 x 107°°C~! for GaN®! and
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FIG. 10. Variation of the curvature radius Ry as a function of the film thick-
ness for three different materials: 3C-SiC as discussed in this work, Ge as in
Ref. 1, and GaN based on literature values.>>3! Pillars are 8 um tall and
2 um large, and a patch of L = 1000 um is considered.
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2.6 x 107°°C~" for Si.* & turns to be 0.196%. The results
are reported by the red and blue curve in Fig. 10, showing that
the SiC case is a fortunate one, being nearly independent of
the film thickness.

Finally, with the same input parameters for the three
materials, we plot in Fig. 11 the pillar height with respect to
the patch size in order to have a curvature radius R, larger
than 25 m. The film thickness is set to 15 um, while the base
of the pillars is 2 um. It can be observed that, even if the
three materials have different elastic properties, the curves
are ordered following the strain values that are to be relaxed,
e.g., highest strain g is present in SiC so that the tallest pil-
lars are needed for a relaxation rate to get the target curva-
ture radius. Notice that the functional behavior is equal for
the three systems. In particular, the discrete values for the
different patches have been interpolated with the following

c
function: % =A+B (m) and the fitting parameters are

reported in Table I. Actually, the leading parameter C is sur-
prisingly similar in all the three cases, demonstrating that the
mechanism underlying the compliant role of the pillar archi-
tecture is general and the concept has a wide applicability.

IV. CONCLUSIONS

The present paper indicates that the substrate bowing
(and cracking) by thermal misfit between a stiff and thick
film, such as cubic 3C-SiC for power electronics, and a Si
substrate can be doctored by a tilting pillar architecture. This
occurs for continuous SiC patches on finite pillar arrays, pro-
vided a suitable aspect ratio for the micrometric pillars is
selected, according to the patch size, still within the actual
limits of silicon substrate lithography. Such a mechanism is
shown to be effective particularly for the SiC(111) orienta-
tion, which is promising in terms of defect density, still quite
critical (few micrometers in deposition) for wafer cracking,
in the planar configuration. Due to the fact that most of our
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FIG. 11. Critical curves of pillar height h and base width w resulting in a
curvature radius R =25 m. Three different materials are compared: 3C-SiC
as discussed in this work, Ge as in Ref. 1, and GaN based on literature
values.**?! Simulation values plotted as points in the graph are interpolated

c
by a function % =A+ B(m) , with the fitting parameters reported in

Table I. Pillar base is 2 um.
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TABLE 1. Parameters for the fitting curves in Fig. 10 for %
c
=A+ B(lUOt;zm) .
A B C
SiC —0.9 = 0.14 204 = 0.13 0.65 = 0.01
GaN —2.0x03 17.7 0.3 0.61 = 0.02
Ge —29%+03 159*03 0.57 = 0.02

simulations are actually performed for infinite ridge arrays,
rather than actual pillar arrays, safely predicting an overesti-
mation of the substrate curvature, more experimental investi-
gations are needed to bring the patterning geometry to the
optimal configuration for device fabrication on sufficiently
large and thick SiC patches. Still, our concept is sound, as
demonstrated by the preliminary experimental data reported
here. The sublinear relationship between the ridges aspect
ratio and the patch size is demonstrated to be generally appli-
cable to any heteroepitaxial system, and to be determined by
a maximum lateral tilting value for the peripheral structures
in a patch. Our approach can then be used for the very practi-
cal purpose of estimating the optimal pillar aspect ratio to
comply with the critical bowing required for the applica-
tions. Our findings can also be applied to the case of thick
films wafer-bonded on a patterned substrate, where the prob-
lem of extended defect nucleation in the formation of the
suspended patch by the lateral epitaxial growth on pillars is
not present.
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