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ABSTRACT: Integration of compound semiconductors with
silicon (Si) has been a long-standing goal for the semi-
conductor industry, as direct band gap compound semi-
conductors offer, for example, attractive photonic properties
not possible with Si devices. However, mismatches in lattice
constant, thermal expansion coefficient, and polarity between
Si and compound semiconductors render growth of epitaxial
heterostructures challenging. Nanowires (NWs) are a
promising platform for the integration of Si and compound
semiconductors since their limited surface area can alleviate
such material mismatch issues. Here, we demonstrate facet-
selective growth of cadmium sulfide (CdS) on Si NWs.
Aberration-corrected transmission electron microscopy anal-
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ysis shows that crystalline CdS is grown epitaxially on the {111} and {110} surface facets of the Si NWs but that the Si{113}
facets remain bare. Further analysis of CdS on Si NWs grown at higher deposition rates to yield a conformal shell reveals a thin
oxide layer on the Si{113} facet. This observation and control experiments suggest that facet-selective growth is enabled by the
formation of an oxide, which prevents subsequent shell growth on the Si{113} NW facets. Further studies of facet-selective
epitaxial growth of CdS shells on micro-to-mesoscale wires, which allows tuning of the lateral width of the compound
semiconductor layer without lithographic patterning, and InP shell growth on Si NWs demonstrate the generality of our growth
technique. In addition, photoluminescence imaging and spectroscopy show that the epitaxial shells display strong and clean band
edge emission, confirming their high photonic quality, and thus suggesting that facet-selective epitaxy on NW substrates
represents a promising route to integration of compound semiconductors on Si.
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Integration of Si and compound HI-V or II-VI semi-
conductors is an attractive goal since such heterostructures
could marry the attractive photonic properties of direct band
gap compound semiconductors with Si devices.! However,
mismatches in lattice constant, thermal expansion coeflicient,
and polarity between Si and compound semiconductors render
growth of epitaxial heterostructures challenging.”* Nanowires
(NWs) represent a promising platform for the integration of Si
and compound semiconductors since their small cross-sectional
footprint and surface area can alleviate issues created by lattice,
thermal, and polarity mismatches.”® Thus far, several general
strategies have been explored for compound semiconductor
integration with Si in NWs. First, nanoparticle-catalyzed growth
has yielded a variety of axially modulated group IV/III-V and
II-VI NW heterostructures.° '° Second, III-V and II-VI
NWs have been grown vertically on Si and germanium
substrates''™?” and on Si NWs, forming branched hetero-
structure NWs.?® Lastly, there has been recent interest in core/
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shell heterostructure NWs, though the Si/III-V or II-VI core/
shell interfaces are often difficult to control®® or have not been
characterized®® and shells of high crystal quality with
thicknesses beyond several nanometers have not been ex-
plored. 3"

Conceptually, facet-selective growth provides a means by
which to reduce the interfacial area of mismatched materials
since the growing layer is confined to the width of the facet on
which it is deposited. We previously reported the synthesis of
crystalline core/shell Si NWs, which grow in the (211)
direction and whose surfaces are terminated by well-defined
Si{111}, {113}, and {110} facets.>® Studies have shown
differences in growth rates of Si and Ge on the distinct Si
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Figure 1. Facet-selective epitaxy on Si NWs. (A) Schematic depicting facet-selective growth of a shell material (orange) on faceted Si NWs (cyan).
(B) Top, SEM image of a faceted Si NW before CdS growth. Bottom, SEM image of a Si/CdS heterostructure NW following CdS deposition. The
blue and red arrows indicate CdS on Si{111} and {110} facets,*® respectively. Scale bars, S00 nm. (C) STEM EDS elemental mapping of Si (blue),
Cd (red), and S (green) of a NW oriented in the Si (110) zone axis. Scale bar, S00 nm.

surface facets, including (a) preferential Si growth on {113}
facets in the presence of PH;>* and (b) controlled growth of Ge
on Si{111} and {110} surfaces.*> Here, we investigate the
growth of CdS and InP shells, which are prototypical II-VI and
III-V compounds, on Si NWs with well-defined facets, as
shown schematically in Figure 1A.

Si NWs with well-developed facets and diameters from 200
to 400 nm (Figure 1B, top) were grown according to a
previously described® procedure (Supporting Information).
The growth substrate with the faceted Si NWs was dipped in
aqueous buffered hydrofluoric acid (BHF) for 20 s to remove
surface oxide, rinsed for 5 s in deionized water, and then
submerged in liquid nitrogen to prevent collapse of the NWs
via capillary forces during liquid water evaporation.*® The
frozen growth substrate was quickly transferred to the second
zone of a 3-zone furnace, and the tube was evacuated to a base
pressure of 50 mTorr; during this process, the ice sublimed.
Once at base pressure, the furnace was purged three times each
with Ar and H,, and the pressure was set at ~2.8 Torr with a
flow rate of 20 sccm H,. CdS was evaporated at 670—710 °C
from zone 1 and deposited on the substrate in zone 2 at 450—
550 °C for 5—40 min.

Scanning electron microscope (SEM) images of the Si NWs
before and following CdS growth reveal several key features
(Figure 1B). First, before growth, the Si NWs exhibit well-
faceted structures similar to our previous report.*® Second,
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following CdS growth, the SEM image shows CdS on distinct
facets of the Si NWs. Specifically, the image shows that (i) the
CdS forms a continuous stripe along the upper/lower facets
and islands along the much narrower middle facet and that (ii)
the intervening facets are free of deposited CdS. Comparison of
the Si NW image to previous work™ suggests that the
continuous CdS growth occurs on Si NW {111} facets, while
the islands form on {110} facets. Indeed, elemental mapping via
energy-dispersive X-ray spectroscopy (EDS) in a scanning
transmission electron microscope (STEM; Figure 1C) shows
the spatial distributions of Si (blue), Cd (red), and S (green)
from a Si NW oriented in the Si (110) zone axis. The elemental
distribution matches the geometry shown in the schematic and
the SEM images of Figure 1A,B, and moreover confirms that
the CdS shells are primarily localized on the Si{111} facets.
To further characterize the facet-selective Si/CdS NW
structure, we used plan-view aberration-corrected TEM (Figure
2). As depicted schematically in Figure 2A, plan-view TEM of
facet-selective Si/CdS NWs oriented in the Si[111] zone axis
allows for inspection of the Si-CdS{111} interface in plan-view
and the Si-CdS{110} interface in cross-section. The TEM
image of the Si-CdS{111} interface in plan-view (Figure 2B)
shows a high contrast area on the left, due to CdS on the Sj,
while the lower contrast area on the right corresponds to
exposed Si. The clear boundary between the Si and CdS in
Figure 2B confirms that, in agreement with Figure 1, CdS
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Figure 2. Plan-view TEM imaging of facet-selective Si/CdS heterostructure NWs. (A) Side- and top-view schematics of plan-view TEM imaging of
facet-selective Si/CdS NWs oriented in the Si (111) zone axis. (B) Plan-view TEM image of the Si-CdS{111} interface showing the Si{113} facet
(right) and CdS grown on the Si{111} facet (left). Scale bar, 4 nm. (C) FFTs from the CdS/Si and bare Si regions as depicted by (I) and (II) in (B),
respectively. (D) Crystal structure model oriented in the Si (111) zone axis showing CdS epitaxially grown on a Si{111} facet next to a bare Si{113}
facet. Crystal directions are indicated on the right. (E) Plan-view TEM image of the Si-CdS{110} interface showing the Si{113} facet (left) and CdS
grown on the Si{110} facet (right). Scale bar, 4 nm. Inset, FFT from the CdS in the TEM image. (F) Side- and top-view schematics of plan-view
TEM imaging of facet-selective Si/CdS NWs oriented in the Si (113) zone axis. (G) TEM image of a facet-selective Si/CdS NW in the Si (113) zone

axis. Scale bar, 4 nm. Inset, FFT from the Si in the TEM image.

deposits selectively on the Si{111} surface facets of the Si NW
and does not extend onto the Si{113} surface. In addition, a
fast Fourier transform (FFT) of the exposed Si region (Figure
2C, 1II) yields a hexagonal pattern that can be indexed to Si
(111) and is consistent with the imaging zone axis and facet
orientation. The FFT of the CdS/Si region is a convolution of
spots from two layers of CdS and the Si NW (Figure 2C, I), as
expected from the imaging geometry. Importantly, it is possible
to index the distinct CdS hexagonal spots to wurtzite CdS
(0001) due to the presence of {1100} reflections in the FFT,
which would not be present in a FFT of zinc-blende CdS. The
orientations of Si and CdS spots with identical symmetries in
the FFTs are equivalent, strongly suggesting that the
orientation of the CdS is determined by epitaxy with the
underlying Si{111} surface.

A crystal structure model based on the TEM image and FFT
analyses of the Si (111)/CdS (0001) zone axis (Figure 2D)
depicts wurtzite phase CdS (left: sulfur, purple; Cd, yellow)
growing epitaxially on a Si{111} surface adjacent to an exposed
Si{113} facet (right, blue). As in their corresponding FFTs,
both Si{111} and CdS{0001} have hexagonal symmetry,
highlighted by the dashed hexagon in the model. Since the Si
NW crystal structure is cubic whereas the CdS displays
hexagonal (wurtzite) crystal symmetry, we note that, to our
knowledge, this work presents the first report of clearly
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characterized heteroepitaxial polytypism, which is localized to
specific facets of a NW.

Additional plan-view TEM imaging of the Si-CdS interface at
the Si{110} facet (Figure 2E and schematic Figure 2A) shows
that lattice fringes extend continuously from Si to the CdS, and
moreover, there is no evidence for an interfacial layer. The FFT
from this image (Figure 2E, inset) was indexed to CdS (1211},
which indicates that the CdS (1010) and Si (110) directions are
parallel. Moreover, CdS lattice fringes, with 0.37 nm spacing,
are in agreement with CdS{1010} planes parallel to the Si{110}
facet. Together, these observations confirm that CdS growth on
the Si{110} facets was also epitaxial. We also tilted facet-
selective Si/CdS NWs into the Si (113) zone axis (schematic,
Figure 2F) to allow for plan-view imaging of the Si{113} facets.
Figure 2G shows a TEM image of a Si{113} facet, where high
contrast CdS grown on the adjacent Si{111} facet is observed
on the left and the low contrast Si{113} facet is seen on the
right. An FFT (Figure 2G, inset) from the Si region confirms
the zone axis as Si (113). TEM imaging in the Si (113) zone
axis does not yield any detectable CdS on the Si{113} facets.

We observe facet-selective CdS growth on Si NWs along the
majority of the growth substrate. However, Si NWs closest to
the upstream CdS source where the Cd/S reactant concen-
tration is highest®® (Figure 3A) show conformal CdS shells on
the Si NW cores. To better probe the mechanism of facet-
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Figure 3. Cross-sectional TEM imaging of a conformal Si/CdS core/shell NW. (A) Top, TEM image of a cross-section from the conformal core/
shell Si/CdS NW. Scale bar, 200 nm. Bottom, schematic depicting the geometry of the cross-section. B and C denote areas where the Si-CdS{111}
and {113} interfaces are imaged at high magnification and presented in (B) and (C); I, II, and III refer to the FFT locations in (D). (B,C)
Aberration-corrected TEM images of the Si-CdS (B) {111} and (C) {113} interfaces. Scale bars, 2 nm. Red dashed lines denote (B) the interface
between Si and CdS and (C) an interfacial layer between the Si and CdS. (D) FFTs derived from ~35 X 35 nm? areas of (I) Si, (II) CdS grown on
the Si{111} facet, and (III) CdS grown on the Si{113} facet. (E) STEM EDS line scan profile of Si (blue), O (orange), Cd (red), and S (green)
through the Si-CdS{113} interface. The elemental intensity profiles are overlaid on a STEM image of the interface. The white line is ~17 nm long.

selective growth, we characterized the conformal core/shell Si/
CdS NWs with cross-sectional TEM imaging (Supporting
Information). A low magnification TEM view and schematic of
the cross-section (Figure 3A, top and bottom) show the low
contrast Si NW core with smooth surface facets, the concentric
high contrast CdS shell, and an amorphous sacrificial carbon
layer, which was deposited for sample preparation. The notch
in the bottom right of the cross-section was caused by Ga FIB
damage during cross-section thinning. The conformal Si/CdS
NW displays smooth CdS surfaces parallel to the Si{111} facets
but rough CdS surfaces parallel to the Si{113} facets, as shown
schematically in the bottom of Figure 3A.

In addition, higher resolution TEM images of the Si-
CdS{111} interface (Figure 3B) show continuous lattice fringes
from the Si to the CdS and no interfacial layer between the Si
NW and CdS. We index FFTs of the Si (Figure 3D, I) and CdS
(Figure 3D, II) to Si (211) and CdS (2110), respectively. Both
FFTs and their respective crystal directions have identical
symmetry. The Si[211] crystal direction matches the previously
reported growth direction of our Si NWs.>* Moreover, the
periodically spaced 0.67 nm CdS lattice fringes parallel to the
Si-CdS{111} interface show that the CdS growth direction
normal to the Si{111} facet is (0001). Fourier-filtered TEM
images of the Si-CdS{111} interface (Figure S1) show misfit
dislocations ~4 nm from the interface. Additionally, TEM
images of the CdS recorded greater than ~30 nm from the Si-
CdS {111} interface (Figure S1) reveal that the CdS is
practically free of defects. We note that no evidence for
antiphase boundaries in the CdS layer®” were observed in our
TEM imaging studies; however, we acknowledge that this does
not eliminate the possibility of such defects, particularly along a
given CdS on Si{111} facet. Taken together, this evidence
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confirms the epitaxial relationship between the Si and CdS on
the Si{111} interface, consistent with the plan-view TEM
analysis of the facet-selective Si/CdS NWs in Figure 2.

Interestingly, TEM images of the Si-CdS{113} interface
(Figure 3C) reveal a ~3 nm layer, which interrupts the Si (left)
and CdS (right) lattice fringes and which is devoid of structural
features and fringes. An FFT recorded from the CdS (Figure
3D, III) reveals randomly angled spot patterns, indicating that
the CdS in this region is polycrystalline, in agreement with the
rough CdS shell surface observed parallel to the Si{113}
surfaces.>® Together, this evidence indicates that the interfacial
layer is amorphous. An aberration-corrected STEM EDS line
scan (Figure 3E) reveals the presence of oxygen, consistent
with amorphous silicon oxide in the interfacial layer separating
Si and CdS.

Based on the above data, we propose that facet-selective
growth of CdS on the Si{111} and {110} facets can be
attributed at least in part to a passivating amorphous silicon
oxide layer on the Si{113} facets. Although oxide is removed
from the Si NWs immediately prior to placement in the CdS
growth reactor, previous literature has reported that the sticking
coefficient of water is 2 orders of magnitude higher for Si{113}
than for Si{111}***° and that adsorbed water decomposes to
form silicon surface oxide at temperatures comparable to our
CdS growth.*** The continuous lattice fringes observed at the
{111} interface (Figure 3B) suggest that oxygen-containing
impurities are not significantly incorporated into this interface.
However, given the base pressure of our growth apparatus, it is
possible that residual water/oxygen can lead to oxide formation
on Si{113} prior to deposition of CdS. Since there is no
chemical difference between the Si NWs upstream and
downstream (relative to the CdS reactant source), the

DOI: 10.1021/acs.nanolett.5b01721
Nano Lett. 2015, 15, 4776—4782


http://dx.doi.org/10.1021/acs.nanolett.5b01721

Nano Letters

Si{113} oxide forms on NWs in both positions. However, the
difference in CdS flux between upstream and downstream
locations results in facet-selectivity. Upstream, CdS shells grow
conformally because the higher reactant flux precludes sufficient
time for diffusion and/or desorption. This suggestion is
consistent with the ~1-2 pm CdS shells on upstream Si
NWs (Figure 3A). In contrast, the lower CdS flux at the
downstream position®® allows for diffusion and/or desorption
from the {113} oxide before incorporation into the shell,
thereby yielding facet-selective CdS growth.

To better understand the role of oxide in the growth of CdS
on Si NWs, we grew CdS on faceted Si NWs without removal
of the Si NW native surface oxide prior to CdS deposition
(Figure S2). In the upstream position, SEM images show
conformal CdS shells with rough surfaces that are consistent
with deposition of a fully polycrystalline shell. This contrasts
with the well-developed {0001} facets observed when the
native surface oxide was removed immediately prior to growth
(Figure 3A). In the downstream position, SEM images show
that no continuous CdS shell forms on any facets of the Si NWs
with native oxide, in contrast to the facet-selective growth
under the same conditions when the oxide was removed prior
to growth (Figure 1B).

We note an analogy between our proposed mechanism and
selective area epitaxy/growth (SAE/SAG), which have been
implemented to epitaxially grow group IV, II-VI, or III-V
films*~*" and NWs*~* on lattice-mismatched substrates. In
SAE, an amorphous oxide or nitride mask layer is deposited on
a substrate and holes or trenches are patterned in the mask
layer. Precursor flux is controlled such that long adatom
diffusion lengths result in selective film growth on the exposed
substrate rather than on the mask. However, we note that the
novelty of facet-selective epitaxy on NW substrates stems from
(1) intrinsic “patterning” of the substrate with faceted NW
structures and (2) the natural formation of an oxide due to the
difference in facet reactivity without the need for any
lithographic patterning.

Therefore, our facet-selective epitaxy approach should be
general for 1D Si structures and likely other NWs as well. To
first evaluate this generality we deposited CdS on micrometer
diameter Si wires (Figure 4A,B). SEM images of the resultant
heterostructures reveal facet-selective growth of CdS on the
Si{111} facets. Second, we demonstrate the generality toward
other shell materials by growing indium phosphide (InP) on
faceted Si NWs. SEM imaging of InP growth carried out in a
manner similar to the deposition of CdS (Supporting
Information) on Si NWs (Figure 4C) confirms that InP islands
grow selectively on the Si{111} facets and that the Si{113}
facets remain free of InP.

Finally, we characterized the optical properties of the facet-
selective Si/CdS heterostructure NWs. A scanning confocal
photoluminescence image of facet-selective Si/CdS hetero-
structure NWs randomly dispersed on a quartz substrate
(Figure SA) reveals strong green emission. Comparison of NW
positions determined by bright-field and photoluminescence
images demonstrates that every NW in the field of view exhibits
strong luminescence. Moreover, a representative room temper-
ature photoluminescence spectrum from a single Si/CdS NW
(Figure SB) shows a symmetric emission profile, featuring
strong band-edge emission at ~S14 nm (2.4 eV), which is
consistent with high quality crystalline bulk CdS. We do not
observe any strong emission except for the band-edge peak,
indicating that the CdS on the faceted Si NWs has a relatively
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Figure 4. Generality of facet-selective epitaxy. (A,B) Facet-selective
CdS growth on Si wires of various sizes. SEM image of Si/CdS
heterostructure wires with diameters of ca. (A) 3 and (B) 10 um. Scale
bars, 2 ym. (C) Left, SEM image of a Si/InP heterostructure NW.
Scale bar, 400 nm. Right, schematic depicting the crystallography of
the facet-selective Si/InP structure.
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Figure 5. Optical characterization of the facet-selective Si/CdS
heterostructure NWs. (A) Scanning confocal photoluminescence
image of facet-selective Si/CdS heterostructure NWs randomly
dispersed on a quartz substrate. (B) Room temperature photo-
luminescence spectrum from a single Si/CdS NW. The green arrow
indicates the wavelength of band-edge (514 nm; 2.4 eV) emission
from high quality crystalline bulk CdS; the red arrow indicates the
previously reported wavelength of emission due to S-vacancy defects
(~730 nm; 1.7 eV).48

low concentration of S-vacancy defects,” does not display
optical characteristics indicative of quantum confinement,*” and
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is of high optical quality. Therefore, facet-selective Si/CdS
NWs show potential for integration of compound semi-
conductors with Si for (opto)electronics.

In summary, we have demonstrated facet-selective growth of
CdS on Si NWs. Aberration-corrected transmission electron
microscopy analyses have shown that the crystalline CdS is
grown epitaxially on the {111} and {110} surface facets of the
Si NWs and that the Si{113} facets remain bare. Further
analysis of conformal CdS shells on Si NWs grown at higher
deposition rates revealed a thin oxide layer on the Si{113}
facet, suggesting that the facet-selective growth is enabled by
the formation of an oxide, which prevents subsequent shell
growth on the Si{113} NW facets. Further studies of the
generality of facet-selective epitaxial growth demonstrated the
potential of the technique on micro-to-mesoscale wires, which
allows tuning of the lateral width of the compound semi-
conductor layer without lithographic patterning and InP shell
growth on Si NWs. In addition, photoluminescence imaging
and spectroscopy show that the epitaxial shells display strong
and clean band edge emission, thus confirming their high
photonic quality, suggesting that facet selective epitaxy on 1D
Si structures could serve as a unique platform for integrating
compound semiconductors with group IV materials in
(opto)electronics.
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