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ABSTRACT: The move from dimensional to functional scaling in microelectronics leads to
renewed interest towards integration of Ge on Si. In this work, simulation-driven experiments
leading to high-quality suspended Ge films on Si pillars are reported. Starting from an array of
micrometric Ge crystals, the film is obtained by exploiting their temperature-driven coalescence
across nanometric gaps. The merging process is simulated by means of a suitable surface-
diffusion model within a phase-field approach. The successful comparison between experimental
and simulated data demonstrates that the morphological evolution is purely driven by the
lowering of surface-curvature gradients. This allows for a fine control over the final morphology.
At fixed annealing time and temperature, perfectly merged films are obtained from Ge crystals
grown at low temperature (450°C), while some void regions are still persistent for crystals grown
at higher temperature (500°C), due to their different initial morphology. The latter condition,
however, looks very promising for possible applications. Indeed, Scanning Tunneling Electron
Microscopy (STEM) and High Resolution - Transmission Electron Microscopy (HR-TEM)
analyses show that, at least during the first stages of merging, the developing film is free from
threading-dislocations. The present findings, thus, introduce a promising path to integrate Ge

layers on Si with a low dislocation density.

KEYWORDS: heteroepitaxy, semiconductors, substrate patterning, surface diffusion,

dislocations
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1. INTRODUCTION

Fostered by the move from dimensional to functional scaling in microelectronics,

germanium
has been recently re-investigated as a possible high-mobility replacement for mainstream silicon
MOSFET technology./?) However, the material growth challenges in heterogeneous integration
on Si are substantial, because of the 4% lattice misfit: any Ge film on Si will relax through the
formation of misfit dislocations, because the critical thickness for such a large misfit is only a
few monolayers. To accommodate the lattice mismatch between the two materials, a thick Si;.
xGe, graded layer can be grown between the silicon substrate and the active germanium layer, so
that the defect density is significantly reduced, but still not eliminated.”! To mitigate this
problem, several alternatives have been investigated. In particular, the aspect-ratio-trapping
process for growing Ge and SiGe buffer layers within narrow oxide trenches, patterned on
silicon substrates at sub-micron distances'*”! and, very recently, the use of composite AlAs/GaAs
buffer layers.!®

To date, the high-quality integration of Ge on Si beyond the nanometer scale, with no threading
dislocations reaching the top part of crystals, has been achieved only in the form of vertical,
micron-sized Ge structures grown on deeply-patterned Si substrates [7,8]. As demonstrated and
discussed in refs [7,9,10], full pyramidal faceting at the top regions allows for a complete lateral
expulsion of threading dislocations (instead present when considering flat top), leading to several
microns of defect-free material. Extending such properties to a planar film would lead to
substrates for microelectronic applications with unprecedented quality.

In this work we show that a perfect array of such Ge crystals can lead to the formation of a single
suspended Ge layer through a lateral merging process. This is demonstrated by simulation-driven

experiments, followed by an extensive morphological and structural characterization. A detailed
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theoretical interpretation of the merging process is also provided and critical issues in terms of

material quality are discussed.

2. EXPERIMENTAL SECTION

2.1 LEPECVD crystal growth and in-situ annealing. The epitaxial growth of micrometric Ge
crystals, used as starting point for the annealing process, is performed by Low Energy Plasma
Enhanced Chemical Vapor Deposition (LEPECVD). In this epitaxial technique, the molecules of
the precursor gas, germane, are activated by a low-energy (~10 eV), magnetically confined Ar
plasma, enabling the deposition of Ge crystals at low growth temperature (400 — 550 °C) and
high growth rate (up to 10 nm/s).!""! Prior to the epitaxial growth, patterned Si substrates are
treated by the RCA cleaning,!"® dipped in 5% HF solution for 30 s and rinsed in de-ionized water
for 3 min. Afterwards, the substrates are loaded into the LEPECVD load-lock reaching a
pressure of ~10™ mbar and finally transported into the growth chamber (base pressure of 1x107
mbar) and heated up at 300 °C for 15 min before reaching the growth temperature.

In particular, the different samples considered here consist of 8 pum tall Ge crystals grown by
LEPECVD at 450 or 500 °C +/- 15 °C, at a rate of 4.2 nm/s and with a chamber pressure of
3x10? mbar. After the epitaxial growth, an annealing treatment is performed in-situ in the
growth chamber (pressure of 5x10” mbar), heating the sample to 800 °C (the highest attainable
annealing temperature allowed in our apparatus), at a rate of 2 °C/s. The annealing time is
measured starting when the sample reaches the temperature of 800 + 10 °C. Thermal cycles are
also performed in some cases by repeatedly varying the temperature between 600 and 800 °C

with a heating ramp of 1 °C/s and cooling at 2 °C/s.
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2.2 Morphology analysis. The morphology of the as-grown and annealed Ge crystals is
investigated by means of Atomic Force Microscopy (AFM) using an Asylum Research MFP-3D
and Scanning Electron Microscopy (SEM) using a Zeiss ULTRA 55 digital field emission
apparatus. The density of threading dislocations in the Ge crystals and in the planar unpatterned
area is inferred by selective defect etching and etch-pit counting by means of AFM, SEM and

Nomarski microscopy (Nikon Eclipse 200D) on an area of at least 500x500 pm®

. The etching
procedure consists of dipping the Ge samples into a lodine-based solution (15 mg I, , 33 ml
glacial acetic acid, 10 ml 65% nitric acid, 5 ml 40% HF) for 40 s at 0 °C.1"*) The quality of the
merged region is assessed by Scanning Tunneling Electron Microscopy (STEM), and High

Resolution - Transmission Electron Microscopy (HR-TEM) using a FEI Tecnai Osiris system.

2.3 Phase-field simulations. The process of merging of adjacent Ge crystals is investigated by
means of numerical simulations based on a phase-field approach (see ref [14] for a review),
which permits three-dimensional (3D) domains to be easily managed, and naturally accounts for
complex topological changes. The surface profile is implicitly tracked by means of an order
parameter ¢ varying continuously from 1 inside the solid to 0 outside, as given by ¢@(x) =
0.5[1 — tanh(3d(x)/¢)], where ¢ is the interface width and d is the signed-distance from the
profile of the surface, located at ¢ = 0.5. In Figure la, the ¢ = 0.5 iso-surface corresponding to
a Ge crystal is shown. According to the Onsager linear law, material transport is described by
dp/ot =V - [M(p,x)yVk]| where k = K((p(x)) accounts for the local curvature of the surface,
and y is the surface energy density, here assumed to be isotropic as faceting is not found to play
a crucial role (see Supporting Information, where surface anisotropy is tackled by exploiting the
method introduced in ref [15]). Finally, M is the mobility function, restricted to the surface by

the typical setting M = My(36/¢)@?(1 — ¢)? where M, is a scaling factor, forced to be zero
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inside the Si region (M, ~ 0, see Figure 1b) in order to account for the stability of the Si pillars

[16

at the annealing temperatures!'®. The isotropic surface energy y is chosen to be unitary, so that

the simulation time scale is directly determined by M, only. Numerical simulations are

7181 T ocal mesh refinement is

performed by using the Finite Element Method toolbox AMDIS.!
adopted in order to improve the spatial resolution in the region where ¢ = 0.5, i.e. at the surface
of the solid phase (Figure Ic). This space adaptivity allows the details of the surface to be
accurately defined while minimizing the computational cost. A semi-implicit integration scheme
is implemented. The boundary conditions are set to be periodic in the [110] and [110] directions,
while zero-flux Neumann boundaries are imposed in the [001] direction, i.e. at the top and

bottom of the simulation cell. Both sequential and parallel executions are considered with direct

and iterative solvers. Further details are reported in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1 Morphological evolution. As illustrated in refs [7] and [8] the epitaxial growth of Ge onto
an array of microns-tall Si pillars in a highly kinetic regime may result in closely-spaced
individual Ge crystals, separated by gaps as large as tens of nanometers. This particular 3D
morphology results from the combined effect of a short diffusion length, ensured by the high
deposition rate (~ 4 nm/s) of LEPECVD at comparatively low temperatures (~ 450 — 500 °C),
and mutual shielding of the reactive gas flux by neighboring crystals. A typical pattern consists
of 8 pm tall Si pillar, spaced by a few micrometers as shown in Figure 2a for the specific case of
2x2 pm” Si pillar with 2 pm trench. A perspective SEM view of an as-grown 8 pum tall Ge crystal
on top of a 2x2 pm? Si pillar is shown in Figure 2b. The crystal is bounded by {110} sidewalls

and {113} and {111} top facets, typical at the temperature of 500 °C and for the present Si pillar
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size. An additional (001) surface facet is usually found on crystals grown at lower temperature,
or on larger Si pillars™® (see below). This morphological feature is important since only as-
grown crystals with fully slanted facets at the growth front were shown to be free of threading

. . 9,10
dislocations, 1%

without the need for post-growth annealing which is usually performed on
planar substrates to improve the crystal quality. However, the morphology of these Ge crystals
does change upon annealing, as indicated in the SEM and AFM images of Figure 2c. These
images were obtained after six thermal cycles between 600 and 800 °C, each one lasting for 6
min. Evidently, the annealing causes smoothening of the edges between the {113} facets and
flattening of the top cusp towards a (001) facet, indicating that the morphology is beginning to
evolve towards equilibrium. In the absence of deposition, the changes in the profile must be
attributed to material redistribution driven by the tendency of the system to minimize its free

[7,9,10

energy. Since the Ge crystals are strain-free ! the morphological changes must be driven by

surface energy lowering. Bulk diffusion can be excluded at the annealing temperatures in view of
its high activation barrier.!"”
Based on these considerations we have developed a 3D surface diffusion model, where the

(291 implemented in a suitable phase-field

chemical potentials are derived by the local curvature,
framework, in order to describe the morphological evolution during the annealing process.
Details of the model are provided in the Experimental Section and in the Supporting Information.
We did not include any facet-dependent surface energy, which greatly simplifies the model, with
no loss of predictive power (as demonstrated in the Supporting Information). Since the average
mobility M, of Ge along the surface profile cannot be predicted by calculations, we use it as a

free parameter to quantitatively match the experimental time scale. Annealing simulations based

on this description are quite effective in capturing the initial edge smoothening at the top of the
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Ge crystal, as reported in the lower inset of Figure 2c. By extending the simulations to much
longer annealing times, a global rounding of the Ge crystal profile is obtained, with significant
lateral expansion. This is illustrated in Figure 3a, where snapshots of a prolonged annealing
simulation are reported. The morphological change can be interpreted as being caused by
significant material fluxes from the top and the vertical edges to the center of the sidewalls (as
indicated by red arrows), in order to equilibrate the local surface curvature which, in turn,
determines the chemical potential. To better appreciate the extent of such a process, cross-section
and top views of the crystals are compared for the initial and the final stage of the simulation in
Figure 3b.

As already mentioned, adjacent Ge crystals grown in such conditions on Si pillars spaced two
microns, are separated by gaps of just a few dozen nanometers.!”*). Therefore, we expect that, for
long enough post-growth annealing times, neighboring Ge crystals will touch in the upper part
and gradually merge, eventually resulting in a flat suspended Ge layer on top of the Si pillars. In
order to verify this assumption, in-situ annealing experiments were performed at increasing times
up to 60 min at 800 °C. Figure 4 illustrates the morphology evolution of 8 um tall Ge crystals on
top of 8 um Si pillars. Top (a) and lateral (b) SEM images, as well as AFM perspective views (c-
f) of the tops of crystals are reported for different durations of the annealing process (additional
data are provided in Figure S1 in the Supporting Information). The initial individual crystals
obtained after the LEPECVD growth at 450 °C for 2x2 um” Si pillars spaced by 2 pm exhibit a
top (001) facet and are spaced ~ 150 nm apart. Similar to the isolated structures of Figure 2, the
crystals assume a rounded shape after an annealing time of 5 min (Figure 4a). Some of them are
already touching at this stage and eventually merge along the <110> directions (10 and 20 min),

while sizeable undulations at the top remain along with a regular array of holes at the crossing of
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the original Si trenches. It is evident from the enlarged AFM scan of a single Ge crystal annealed
for 10 min, reported in Figure 4d, that the original facets have blurred to an almost continuous
smooth profile with a large density of surface steps, probably resulting in a slow-down of the
surface mobility. Finally, after an annealing time of 60 min, the holes are closed and a
continuous film is obtained (see Figures 4). The AFM scans indicate a peak-to-valley amplitude
of about 250 nm, still phase-matched to the underlying pattern of Si pillars.

In order to obtain a deeper insight into the diffusion mechanisms leading to the observed
morphological changes, simulations for dense arrays are performed, with the same geometric
parameters as for the experimental case of Figure 4, but, with no loss of generality, for the
slightly rounded initial shape indicated in Figure 2c. Figure 5a shows that the initial lateral
expansion due to thermal treatment of crystals quickly reduces their distance so that they touch.
At the onset of merging, here corresponding to an annealing time of t = 2 min, the contact region
has almost circular cross-section, and acts as a collector for neighboring material due to
differences in the local curvature (see Figure S2 in the Supporting Information). The expansion
of these regions allows the system to reduce its surface energy. Simultaneously, Ge material
originating from the lower part of the sidewalls is found to move upwards in kind of a zipping
action further closing the trenches between the crystals. A thick suspended film with holes
located at the crossings of the trenches is then formed (t = 10 min). At this stage the structure is,
however, not yet in equilibrium, as the holes provide a gradient in the local curvatures, so that Ge
is collected from both the top and the bottom of the crystals until the holes are completely closed.
This leaves an undulated surface profile of the resulting film at t = 50 min, which slowly flattens

until t = 100 min. This prediction nicely agrees with the experimental behavior observed in
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Figures 4 (see also the movie in the Supporting Information). We therefore conclude that the
surface curvature is the main driving force leading to the coalescence of the crystals.

Such a mechanism is valid in general, provided that the crystal aspect-ratio is sufficiently large
that the initial lateral expansion causes bridging of the gaps somewhere. In order to prove this,
we considered different patterns, both in experiments and simulations. In Figure 6a we show the
annealing results, after 5 and 60 min, of 8§ pm tall Ge crystals grown on a pattern of 2x2 umz Si
pillars separated by 3 um wide trenches, leading to a distance of ~ 300 nm in their as-grown
state. Due to the larger gap, the lateral expansion after an annealing time of 5 min is not
sufficient to create a bridge. Instead, only rounding of the crystals is observed, both in
experiments and simulations. Only upon extending the annealing time to 60 min it is possible to
see the onset of crystal merging. This delay in the full coalescence is observed also in the
simulations, although it is not as long. Possibly, the slower experimental evolution is due to
dense step-bunching already seen in the AFM scan of Figure 4e. The effect of a different lateral
size of the Si pillars is, instead, shown in Figure 6b (see also Figure S3-S5 in the Supporting
Information). Here, 5x5 umz Si pillars are seen to lead to the formation of Ge crystals with a
much wider (001) top facet of nearly square shape. The top SEM view of Figure 6b applies to
samples characterized by 2 um wide Si trenches and annealed for 5 min. Again, the simulation
matches the SEM profiles, revealing that bridging in this case takes place close to the corners of
the Ge crystals. This happens because the four top edges are smeared out, producing enough
accumulation of material at their sides (see red arrows and Figure S5 in the Supporting

Information) to initiate coalescence.

3.2 Material quality. So far, the very good agreement between the simulated and experimental

evolution towards full coalescence may be considered of mere fundamental interest. Indeed, the
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suspended film discussed above resulted from the merging of crystals characterized by extended,
flat (001) top facets. As mentioned in the Introduction, this leads to a non-vanishing threading-
dislocation density in the top region.!"” Our final goal, however, is to provide a path leading to
virtually dislocation-free suspended Ge films on Si. To this end, is necessary to form the
coalesced film from a set of Ge pillars featuring fully pyramidal top faceting, as found for
narrow Si pillars and higher growth temperature shown in Figure 2. In refs [7], [9] and [10] we
indeed demonstrated that no threading-dislocations are present in the upper part of the crystals,
where the merging induced by annealing begins. Any additional dislocations nucleating during
coalescence would therefore have to reside in a cylindrical expanding bridge, which is still
surrounded by free surfaces. These free surfaces may, however, be expected to getter nucleated
defects. As the fully facetted top profile is closer to a rounded shape (see Figure 7a), with smaller
curvature gradients, the annealing time for full coalescence is expected to be larger than in the
case of more squared profiles (found for larger Si pillars or lower growth temperatures). This is
actually confirmed by the simulations reported in Figure 7b,c. From the reported comparison at
fixed annealing time and temperature between the evolution of an array of Ge crystals grown at
450°C (flat top) and 500°C (pyramidal, fully-faceted top), indeed, it can be seen that coalescence
does take place in both cases, but merging is far from completed when starting from a pyramidal
shape even after the maximum annealing time (60 minutes) at the maximum temperature
(800°C) available in our growth chamber. This was indeed confirmed by experiments, as
demonstrated in Figure 8 (center of panel (b)). The following dislocation analysis is therefore
limited to a connected network including the expanded cylindrical bridges with a periodic array
of small holes, rather than a fully coalesced film. In Figure 8a-b we report the results of an etch-

pit analysis by Nomarski interference microscopy (circular enlarged views) after selective defect
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etching (see Experimental Section) on as-grown and 60 min annealed Ge samples. These images
are combined with top-view SEM images, showing the patterned region close to the planar
region. We see that etch-pits related to emerging threading dislocations are present in the planar
region of the as-grown sample (density of (3 + 1) x 10® c¢m™), while no etch-pits were found in
an area of 30 x 30 Ge crystals (corresponding to a maximum dislocation density of 7 x 10* cm™).
After thermal annealing, the etch-pit density in the planar region is lowered by a factor of ~ 30,
while no additional etch-pits appear upon crystal merging in the patterned region of the same
size as in the as-grown case. This statistically relevant information is supported also by STEM
and HR-TEM cross-section views, taken along a cut in the [110] direction, passing through the
centers of the coalescence bridges, as reported in Figure 8c. Here we see that dislocations are
indeed present close to the bottom of the Ge crystals, whereas only twin defects are seen in a
columnar distribution in the bridge region. Indeed, small angle grain boundaries must be
expected to originate from the small random Ge crystal tilts, analyzed in-depth in ref [9]. These
results show the superior potential of the present technique with respect to other coalescence
methods widely exploited in group IV or II-V semiconductors, such as Epitaxial Lateral

Overgrowth (ELO) [21-24], which lead to defected merging regions.

4. CONCLUSION

We have demonstrated that a flat, thick suspended Ge layer can be obtained from an array of
isolated Ge crystals by exploiting surface diffusion of material during annealing. A surface-
diffusion model based on a phase-field approach was used first to guide experiments and then to
give an interpretation of the findings. The good agreement between experimental and simulated
morphologies allowed the full merging process to be attributed to a single, dominating driving

force: surface-curvature.
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Further optimization in the growth/annealing procedure is still needed in order to obtain
continuously flat suspended layers starting from crystals free of any threading dislocation at their
tops. Unfortunately, extending the annealing time to a few hours, and/or rising the temperature
was not possible in our growth chamber, but our simulations indicate that a flat film is eventually
obtained. Ex-situ annealing is also viable, provided that complete Ge oxide removal is
performed, and thermal treatment in a suitable atmosphere is operated to maintain a high Ge
mobility, still not possible in our laboratory. However, characterization of partially-coalesced
films already indicates a promising path to produce suspended Ge layers with low dislocation
density, by controlling the merging across engineered nanometric gaps.

Importantly, similar results can be achieved with vertical crystals obtained by growth techniques
other than LEPECVD, provided that surface diffusion lengths can be kept at a submicron scale.
Finally, preliminary tests indicate that the same merging process can also be applied also to Ge-
rich Sij«Ge, crystals,”™ to be subsequently topped by a thin Ge layer, the method may also
become suitable for the monolithic integration of strained Ge MOSFETSs on silicon substrates,

the next target of the present technology roadmap of microelectronics.

ASSOCIATED CONTENT

Supporting Information. Further details on phase-field modeling and on the coalescence
process, the detailed evolution of large crystals, the role of the anisotropic surface-energy density
in the simulated evolutions, plus a full video reporting the evolution shown in Figure 5. This

material is available free of charge via the Internet at http://pubs.acs.org
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FIGURES

Figure 1. Phase-field modeling. a) 3D view of the simulation cell embedding a pillar-like
structure implicitly defined according to the phase-field approach. The profile corresponds to the
iso-surface at ¢ =0.5. b) Cross-section of the cell showing the variation of ¢ from the solid
region to the vacuum. The 3D grey region corresponds to the immobile Si pillar (M, ~ 0). c)
Mesh structure with local refinement at the surface of the solid phase, i.e. at ¢ =0.5. The color

map reports the values of ¢.
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30 Figure 2. Growth and annealing of individual crystals. a) SEM lateral view of a pattern formed
by 2x2 umz wide Si pillars with 2 um trench prior to deposition. SEM lateral views and AFM
35 perspective views of the crystal top are shown: b) as-grown 8 pum tall Ge crystal obtained by
37 deposition at 500 °C on a Si substrate patterned with 8 pum tall and 2x2 um?” wide pillars, spaced
by 3 um trenches; c) in-situ annealing of the structure in panel (b) by six thermal cycles ranging
42 from 600 to 800 °C. The top morphology in (c), is compared with the profile resulting from a
44 phase-field simulation (“SIM”) of surface diffusion starting from the as-grown geometry, as

47 sketched in the inset of panel (b).
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Figure 3. Simulation of annealing of an isolated crystal. a) phase-field simulation of the profile
evolution of an isolated crystal, starting from the as-grown geometry shown in Figure 2b.
[ustrative arrows show the material fluxes given by the local curvature. b) Cross- and top-view

comparison between the first and the last simulation profile in panel (a).
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39 Figure 4. Coalescence process induced by annealing. a) top and b) lateral SEM views of Ge
41 crystals grown at 450 °C on 8 pm tall and 2x2 um?” wide Si pillars separated by 2 pum trenches
after in-situ annealing experiments of different durations at 800 °C. AFM views of the samples
46 reported in panel (a) and (b) are shown: c) as-grown; d) after annealing for 10 min; e)
48 magnification of the top of a fused crystal in (d), revealing the existence of stepped regions along

51 the facets; f) after annealing for 60 min.
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Figure 5. Phase-field simulations of the coalescence process. Snapshots of the phase-field
simulation matching the main features of the annealing experiments shown in Figure 4 (a movie

showing the whole evolution is provided in the Supporting Information).
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Figure 6. Features of the coalescence process. a) SEM (left, “EXP”’) and simulation (right,
37 “SIM”) top views of samples obtained after annealing for 5 and 60 min of 8§ pm tall Ge crystals
39 grown at 450 °C on 8 pm tall and 2x2 um?” wide Si pillars, spaced by 3 pm trenches. b) SEM
(left) and simulation (right) top views of samples obtained after annealing for 5 min of 8 um tall
44 Ge crystals grown at 450 °C on 8 pm tall and 5x5 pm? large Si pillars, spaced by 2 pm trenches.

46 [ustrative arrows in panel (b) show the material fluxes in a representative region.
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Figure 7. Influence of the as-grown morphology. a) Comparison between the top sections of Ge
crystals grown at 450°C (solid blue line) and 500°C (dashed red line). b, ¢) Simulation results of
the evolution driven by surface diffusion resulting from the two different initial top
morphologies in panel (a). The same mobility coefficient M, used in the simulation of Figure 6 is
considered for both cases (b, ¢). In agreement with experiments, the coalescence process is

delayed for the structure grown at high temperature (b).
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36 Figure 8. Quality of the coalesced structure. a, b) Etch-pit analysis shown by SEM and
39 Nomarski microscopy (circular enlarged views). Both planar unpatterned and patterned regions,
41 the latter corresponding to 2x2 um? wide 8 pm tall Si pillars spaced by 2 um trenches, are
considered. Samples obtained by 8 um Ge deposition at 500 °C are shown before (a) and after
46 (b) in-situ annealing by six thermal cycles as reported in Figure 2. ¢) STEM bright-field cross-
48 section of the sample in panel (b). Insets show magnifications of both twins and dislocations

50 obtained by bright-field HR-TEM.
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