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Germanium and 1ll-V materials have emerged as possible successors to Si for high-performance digital
logic transistors in VLSI applications. There is significant potential for enhanced performance of both p-
and n-channel FETs utilizing channel materials with large lattice mismatches with respect to the Si. Along
with a large lattice mismatch, however, comes the problem of large threading dislocation densities
(TDDs), which adversely impact device yield. A newly developed hetero-epitaxial method for putting large
lattice mismatch (=4%) materials on silicon that mitigates the formation of TDDs—aspect ratio trapping or
ART—is described.

Research into the integration of Ge and 1lI-V compound semiconductors on Si wafers has been pursued
for decades. Generally, this has been driven by one of two goals: either to add new functionality to the Si
CMOS logic platform (such as the ability to generate and manipulate light signals), or to make more
affordable the IlI-V films used in existing applications by eliminating the need for expensive IlI-V
substrates. More recently, as Ge and llI-V materials have emerged as possible successors to Si for high-
performance digital logic transistors in VLSI applications, a third motivation has emerged. Great
performance potential, as measured by digital switching figures of merit, has been shown in n-channel
field effect transistors (FETs) with InGaAs, InAs, and InSb channels [1-3]—materials with up to a 19%
lattice mismatch with silicon.

Meanwhile, Ge has been widely pursued as the optimal material for ultra-high mobility PMOS devices
[4,5]. Given the numerous economic and material advantages of silicon substrates, and the massive
manufacturing infrastructure that has been built up around their use, a Ge and IlI-V on Si solution is
essential if such potential is to be realized. In this paper we will discuss, in the context of previous
approaches, a newly developed hetero-epitaxial method for putting large lattice-mismatch (>4%)
materials on silicon, which we refer to as aspect ratio trapping (ART).

The hetero-epitaxial approach

For large lattice-mismatch, the key to any hetero-epitaxial approach is to somehow manage the dense
network of crystal dislocation loops that form during the process of plastic relaxation unless the films are
kept impractically thin.

Taking as an example GaAs or Ge on Si (both 4% mismatch), the so-called “critical thickness” for plastic
relaxation is "2nm. If this thickness is significantly exceeded, many horizontal “misfit” dislocation
segments will form in the plane of the epi/substrate interface to relieve the strain. If these segments are
long enough, they can terminate at the wafer edge. Unfortunately, most misfits terminate in threading
dislocation segments that rise up to the epi surface. For IlI-V or Ge films grown directly on Si, the
threading dislocation density (TDD) at the epi surface is typically well above 10%/cm?.

While it is certainly possible to fabricate and demonstrate research FET devices on such material, and
even to show good mobility and transconductance performance, it is highly unlikely that such TDD levels
could be acceptable for a yielding, reliable VLSI product. Although the correlation between TDD and VLSI
yield is not well understood, based on experience with threading dislocations in early SOI material, it has
been predicted that TDD likely needs to be 10°/cm? or lower to maintain negligible microprocessor yield
loss [6].
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Reducing TDD in hetero-epitaxial films

Much research into reducing TDD in hetero-epitaxial films can be broadly grouped into two categories. In
the compositional grading approach, the lattice constant is slowly increased during epi growth. By
allowing each low-mismatch layer to plastically relax before increasing the lattice constant, low TDD can
be maintained throughout the epi process. AIthough thlck buffers (“0um for 4% mismatch) are required
for this approach to be effective, TDD well below 10%/cm? can be maintained. Grading with SiGe [7,8], for
example, Ge on Si of sufficient quality to serve as a platform for GaAs lasers [9] has been demonstrated.

Alternately, the high TDD levels that arise from direct growth of high-mismatch films on silicon can be
reduced via defect annihilation, occurring when two dislocations with the proper orientation meet. This
process can be enhanced through various means, such as high-temperature anneals [10,11], or inclusion
of strained Iayers [12 13]. The limit of approaches relying on annihilation is unclear, but it appears unlikely
that TDD of 10%cm? or below is practically obtainable.

In contrast to these approaches, ART invokes a third mechanism: trapping threading dislocations
segments—specifically, between vertical dielectric sidewalls that confine selective growth regions, as first
demonstrated in [14]. We have shown that dislocations for Ge and GaAs on Si can be largely eliminated
with just a few hundred nm of epi growth, and without any high-temperature anneals [15,16]. For these
reasons, the ART approach should be especially compatible with the thermal budget limits and planarity
requirements of Si VLSI processing.

Defect trapping

Figure 1a shows a cross-section transmission electron micrograph (XTEM) of Ge grown on (100) silicon
via the ART method (using standard low-pressure chemical vapor deposition [LPCVD]) in trenches of
200nm width etched through a SiO, masking layer [15]. Defect trapping is achieved within 200nm of the
Si surface. For trenches up to 400nm in width, we have observed effective trapping as long as the trench
aspect ratio (depth/width) is >1.

Detailed TEM studies reveal that facets, when formed early during growth, influence the orientation of
dislocation segments, in effect guiding them to the trench sidewalls as the epi growth proceeds [17]. This
relation between the dislocations and the faceting is key to the effectiveness of the trapping process.




Figure 1. TEM of Ge and GaAs grown on Si substrates via the ART method. a) XTEM of Ge/Si; b)
PVTEM of Ge/Si; the upper left portion of the sample has been inadvertently removed during preparation
for TEM; c) PVTEM of GaAs/Si; dark/light striations in GaAs regions, as well as rough edge of film, are
artifacts of TEM sample preparation. SOURCE for a) and b): [15] (Copyright AIP 2007).

While cross-section TEM is useful for understanding dislocation behavior, it is not suitable for quantifying
dislocation density unless it is well above 1x10%/cm”. Plan-view TEM images include more of the sample’s
top surface, enabling a somewhat finer TDD estimate. Figure 1b shows a plan-view TEM (PVTEM) of
ART growth of Ge on Si in trenches with a width >300nm [15]. The silicon substrate and the portion of the
Ge film nearest the substrate (where the defect trapping occurs) have been removed as part of the
sample preparation. What remains is free of defects; however, due to the small sample size, this merely
sets an upper limit for TDD in the low 10"/em?® regime. TDD could be far lower than this; there appears to
be nothing fundamental barring full dislocation trapping by this technique.

Quantifying true TDD

Improved metrology methods are being explored to quantify the true TDD achieved via ART, and will be
reported on in the near future. Figure 1c shows PVTEM for the ART technique applied to GaAs grown via
metal organic CVD (MOCVD) directly on (100) Si [16]. Similar to the Ge results, the top portion of the epi
appears to be free of dislocations.

We have developed planarization processes to remove the faceted surface that results on top of ART epi
regions, to achieve Ge and GaAs islands with flat surfaces that are co-planar with the surrounding oxide
[18]. Such islands, dielectrically isolated from each other in a manner very similar to shallow trench
isolation (STl)-isolated silicon active areas in a modern CMOS process, should be well suited to serve as
the active areas for individual transistors. The ART region trench widths achieved to date (400nm for
Ge/Si, and 300nm for GaAs/Si) should be more than sufficient for modern active area dimensions. Also,
because it is selective and requires minimal epi growth, ART is ideal for putting regions of different
materials (with different lattice constants) on the same wafer, which may be necessary to achieve optimal
solutions for both n- and p-channel FETs. Finally, because thick, continuous epi films are avoided,
thermal stress problems associated with mismatched coefficients of thermal expansion are also greatly
reduced.

Conclusion

We have demonstrated a method for selectively integrating regions of large-mismatch semiconductors on
silicon wafers, requiring only minimal epi growth, which should be well suited to serve as non-Si FET
active areas. Key areas for further advancement of the ART technique include extending it to larger
mismatch materials, as well as to larger areas suitable for a wider range of device applications.
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