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ABSTRACT Semiconductor nanowire kinking superstructures, particularly those
with long-range structural coherence, remain difficult to fabricate. Here, we combine
high-resolution electron microscopy with operando infrared spectroscopy to show
why this is the case for Si nanowires and, in doing so, reveal the interplay between
defect propagation and surface chemistry during (211) — (111) and (211) — (211)
kinking. Our experiments show that adsorbed hydrogen atoms are responsible for
selecting (211)-oriented growth and indicate that a twin boundary imparts structural
coherence. The twin boundary, only continuous at (211) — (211) kinks, reduces the
symmetry of the trijunction and limits the number of degenerate directions available
to the nanowire. These findings constitute a general approach for rationally
engineering kinking superstructures and also provide important insight into the role

of surface chemical bonding during vapor—liquid—solid synthesis.
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kinking superstructures—multiple, user-

programmable changes to growth
orientation—offer tantalizing opportunities
to fabricate nanoelectronic bioprobes,1’3
generate metamaterials with chiroptical re-
sponse,* reduce thermal conductivity,” and
explore nanomechanical behavior® While
the synthesis of such structures is possible
via shape-guided lateral growth’ or metal-
assisted chemical etching?® the vapor—
liquid—solid (VLS) technique holds particu-
lar promise.®'® For example, VLS allows for
the integration of additional functionality via
selective doping'' and/or heterostructure
formation.'?

The point where a nanowire changes
its growth orientation—the “kink"—is the
most basic building block of any kinking
superstructure. Si nanowires frequently ex-
hibit (111) — (211) kinks at low tempera-
tures,’® at high pressures,’~"® and/or upon
the addition of hydrogen on the sidewall.”
More recently, (111) — (110) and (100) —
{111) kinks have been demonstrated for
Ge and InP nanowires, respectively.'®'®

Semiconductor nanowires containing
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However, crystal symmetry generally pre-
cludes the selection of a specific crystal
orientation (e.g., [211]) when many degen-
erate options (e.g., [121], [112], etc.) are
available.

The demonstration of (211)/¢211) kinking
superstructures reveals that structural co-
herence is, in fact, possible. A series of
(211) — (211) kinks, each attainable with a
brief pressure decrease, yields structures con-
sisting only of segments oriented in a small
subset of degenerate crystal directions."®
Identification of the chemical and structural
details responsible for this behavior, which
occurs despite the high degree of symmetry
in the diamond cubic lattice, would represent
an important step toward the ab initio design
of kinking superstructures. Structural motifs
that break the symmetry of the nanowire
growth interface are a logical explanation
for kinking superstructure coherence. While
planar defects, particularly twin boundaries
(TB)'®~2' and/or polytypes,*** often coin-
cide with (211)-oriented growth in Si nano-
wires, their influence on Si nanowire kinking
superstructure synthesis is unknown."?
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Figure 1. Multiple degenerate kink directions. (a) Schematic
profile of substrate temperature and Si,Hg pressure as a
function of time for (211) — (111) kinking. Condition I:
5 x 10~* Torr Si;Hg and 410 °C. Condition I1: 2 x 10~ Torr
Si,Hg and 490 °C. Side view SEM images along the [011]
direction of representative Si nanowires showing (211) —
(111) kinking: (b) [211] — [111], (c) [121] — [111], and (d)
[112] — [111]. Scale bars, 100 nm. (e) Schematic profile of
Si;He pressure and substrate temperature as a function of
time for (211) — (211) kinking. Side view SEM images along
the [011] direction of representative Si nanowires showing
(211) — (211) kinking: (f) [211] — [12T], (g) [121] — [217],
and (h) [112] — [112]. Scale bars, 100 nm. For both kink
types, substrate-attached [111] segments exist at the base
of these nanowires and are grown for 10 min under condi-
tion Il. The axial positions where condition | is initially
applied, and corresponding to t = 0, are indicated with
white dotted lines at the bottom of each SEM image.

Here, we advance the understanding of Si nanowire
kinking superstructure synthesis by revealing the
subtle, yet critical, interplay between growth orienta-
tion, defect propagation, and surface chemistry. We
show that a continuous TB is present only at (211) —
(211) kinks and explain its role in coherent superstruc-
ture formation. In particular, the nucleation pinning that
accompanies the TB forces the nanowire to select from
two, as opposed to the many possible, (211) directions
at each kink. Despite the favorability of nucleation at the
TBs present in (211) nanowires,>*?"?>?* we also find
that adsorbed hydrogen atoms are predominantly
responsible for driving (211) growth. Removal of hydro-
gen returns the nanowire to {111) growth and results in
TB termination at the sidewall.

RESULTS AND DISCUSSION

Two types of kink are shown in Figure 1, (211) —
(111) and (211) — (211), and reveal, similar to our
previous work'” as well as that of others,’>~'® the
relationship between Si nanowire growth direction
and synthesis conditions. After growth of the initial
substrate-attached [111] segment and as illustrated in
Figure 1a, we generate (211) — (111) kinks by growing
with condition | and then transitioning to condition Il.
Figure 1b—d show representative side view SEM
images measured along the [011] direction of the
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Figure 2. Left- and right-handed superstructures. Top view
SEM images of representative (a) [211] — [111] (false-
colored red) and (b) [211] — [111] (false-colored blue) kinks.
(c) Superimposition of the kinks in (a) and (b). Top view SEM
images of representative (d) [211] — [112] (false-colored
red) and (e) [211] — [121] (false-colored blue) kinks. (f)
Superimposition of the kinks shown in (d) and (e). Scale
bars, 100 nm. The initial, substrate-attached [111] segment
is hidden from view in all images.

resulting kinks. The observed intersegment angles are
consistent with that expected between (211)and (111)
segments when projected onto the (011) plane
(Supporting Information, Figure S1). We provide TEM
confirmation of these growth orientation assignments
below. The generation of (211) — (211) kinks, as
illustrated in Figure 1e, is accomplished by starting with
condition |, briefly transitioning to condition Il (for
1 min), and subsequently returning to condition I. Side
view SEM images measured along the [017] direction of
representative Si nanowires containing (211) — (211)
kinks are displayed in Figure 1f—h. The observed inter-
segment angles are clearly distinct from those for
(211) — (111) kinks (Figure 1b—d) and provide initial
confirmation of (211) — (211) kinking (Supporting
Information, Figure S1). In this case, we observe small-
diameter nanowires on the sidewalls of the first (211)
segment and attribute their presence to Au diffusion
and subsequent nucleation on the sidewall.'”?*
Figure 2 shows top-down SEM images of represen-
tative nanowires containing 211)—(111)and (211)—
(211) kinks and highlights the chirality of individual
nanowires. When viewing nanowires in this manner,
the substrate-attached [111] segment is hidden. Here,
we label the first (211) segment as [211], no matter
its specific crystallographic direction (i.e., [211], [121],
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or [112]), and name subsequent segments accordingly.
This simplified nomenclature is particularly useful
when discussing TEM images (vida infra) since differ-
ent, yet degenerate crystallographic directions can
appear identical when projected into the plane.
Figure 2a and b show nanowires that kink from [211]
to one of two degenerate (111) directions (i.e., [111] or
[111]). The overall nanowire, assuming the substrate-
attached [111] segment defines the axis of rotation, is
chiral and exhibits either left (false-colored in red) or
right (false-colored blue) handedness. Analogous SEM
images of left- and right-handed nanowires containing
[211] — (211) kinks are displayed in Figure 2d and e.
By overlaying the SEM images of left- and right-handed
nanowires, as shown in Figure 2c and f, we observe
angles of 120° and 158°, as expected for two final
(111) and (211) segments, respectively, when viewed
in this direction (Supporting Information, Figure S1).
Notably, Figure 2 shows only two of the six structures
observed for each kink type (Supporting Information,
Figure S2). Such a large number of crystallographically
degenerate structures suggests that highly coherent
superstructures are unlikely, a point we return to below.

We now analyze the crystal structure of, and propa-
gation of defects in, [211]1 — (111) and [211] — (211)
kinks via the TEM images in Figures 3a—c and 3d—f,
respectively. The initial and final segments for both
kink types, as labeled in the low-magnification
images of Figure 3a and d, are based on the high-
resolution TEM (HRTEM) images in Figure 3b,c and
ef, respectively. The initial [211] segment, which is
identical for and located immediately prior to both kink
types, exhibits four {113} sidewalls and two {111}
sidewalls (Supporting Information, Figure S3). We note
that small {110} sidewalls®®?’ are not clearly observed
for our nanowires. Most importantly, an axially oriented
TB is present and intersects with the edge between
the two {111} planes comprising the liquid-solid inter-
face of the [211] segment (Supporting Information,
Figure $3).'9%?

Figure 3b displays a HRTEM image measured along
the [231] zone axis®® at the [211] — (111) kink that
exhibits two sets of Si(111) lattice fringes. These fringes,
rotated ~126° with respect to each other, combined
with the presence of a forbidden 1/3 [422] reflec-
tion in the fast Fourier transform (FFT) pattern inset
of Figure 3b, suggest that the lattice is not single-
crystalline diamond cubic.?® Despite recent reports of
hexagonal Si nanowires,***' the fringe rotation angle
seen here and data discussed below indicate that this
pattern is the consequence of a (111) TB oriented ~68°
relative to the [237] zone axis.”®*?3? The twinned and
untwinned lattices share the same diffraction spot,
specifically [422], as highlighted with a red circle. The
HRTEM image in Figure 3c, in conjunction with the FFT
pattern inset recorded beyond the kink (i.e., closer to
the nanowire tip), confirms that the final segment is
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Figure 3. Kink crystal structure analysis. (a) Low-magnification
TEM image of a representative [211] — [111] kink. Scale bar,
50 nm. (b, c) High-resolution TEM images of the regions
denoted by the dotted boxes in (a). Scale bars, 2 nm. Insets
are FFT diffraction patterns of each TEM image. (d) Low-
magnification TEM image of a representative [211] — [121]
kink. Scale bar, 50 nm. (e, f) High-resolution TEM images of
the regions denoted by the dotted boxes in (d). Scale bars,
2 nm. Two distinct lattices, denoted o and 3, can be seen
in (e) and (f). The 3 region is false-colored green for clarity.
The FFT pattern insets in (e) and (f) are of the 5 and a's,
respectively.

indeed single-crystalline diamond cubic phase and
[117] oriented. The direction of the [422] spot is identical
to that of the [211] segment in Figure 3a and confirms
that the [211] and [117] segments lie in the (237) plane.
The data in Figure 3b and ¢ provide initial evidence that
the TB terminates shortly after the [211] — [111] kink.
Figure 3e and f show HRTEM images of a [211] —
(211) kink. Two crystal lattices, labeled a and f,
are observed both at and beyond the kink. The FFT
patterns in the Figure 3e and f insets reveal that the
zone axes of the B and « lattices are [114]; (where t
denotes the twinned lattice) and [110], respectively,
and confirm that the final segment is [121] oriented.
Since a [110] zone axis converts to [114] via a House-
holder reflection with respect to the (111) plane3?
which is identical to the plane occupied by the TB,
the a and f lattices exhibit a twinned relationship.
Unlike the [211] — [111] kink, where the TB appears
to terminate, the presence of two lattices (i.e., o.and )
at and beyond a [211] — [127] kink indicates that the
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Figure 4. Differences in TB propagation. Side view SEM
images along the [011] direction of representative (a)
[211]1—[117] and (b) [211] — [127] kinks. The approximate
location of each TB is denoted by green dotted lines and
arrows. Important sidewall facets are false-colored in red.
Scale bars, 100 nm. (c) Bright-field TEM image along the
[011] zone axis of a representative [211] — [111] kink
showing that the TB terminates at the sidewall of the
[117] segment. Scale bar, 50 nm. Inset: Bright-field TEM
image of the catalyst droplet showing the main liquid—solid
interface is (117)s, in the final [117] segment. Scale bar,
20 nm. (d) Bright-field TEM image along the [011] zone axis
of a representative [211] — [121] kink. The TB does not
terminate in this situation, but propagates inside the new
[127] segment. Scale bar, 50 nm. Inset: High-resolution TEM
image showing the TB at, and inverted faceting of, the
liquid—solid interface. Scale bar, 5 nm.

TB continues to propagate. In addition, the sidewall
orientation of the f lattice in the [12T] segment is
identified as [3T1]; in Figure 3f and corroborates
the presence of {113} sidewalls in (211) segments
(Supporting Information, Figure S3).

We verify the presence and propagation behavior
of the TB at [211] — [111] and [211] — [12T] kinks via
the SEM and TEM images measured along the [011]
direction in Figure 4. As anticipated from the above
discussion, Figure 4c shows that the (111) TB present in
the [211] segment terminates at the sidewall of the
[111] segment following a [211] — [111] kink. While
two {111} facets comprise the liquid—solid interface
during [211] segment growth (Supporting Information,
Figure S3), the Figure 4c inset also shows that the main
liquid—solid facet reverts to (111)s, (where SL denotes
the liquid—solid interface). Importantly, Figure 4d
confirms that the TB is continuous at [211] — [121]
kinks and, as seen in the HRTEM inset, extends to the
growth front. Crystallography requires that the [121]
segment liquid—solid interface be inverted relative
to the first [211] segment (Supporting Information,
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Figure 5. Hydrogen termination as a function of growth
direction. (a) Operando infrared spectra of the v(Si—H)
stretching region measured before and after (211) —
(111) kink formation. The gray dotted line, located between
the 14—21 and 27—32 min spectra, denotes the transition
between conditions | and Il (Figure 1a). Since Si,Hg pressure
and substrate temperature change at this point, a new back-
ground spectrum is recorded at 22—27 min. (b) Operando
infrared spectra of the »(Si—H) stretching region measured
before and after (211) — (211) kink formation. The gray
dotted line, located between the 10—15 and 17—22 min
spectra, marks the 1 min step at condition Il prior to
returning to condition I (Figure 1e).

Figure S4). Thus, the liquid—solid interface of the
[127] segment will consist of (117)s and (117)s,  facets
that intersect with an angle of 219°. We are able to
identify a signature of this inversion (Supporting In-
formation, Figure S5) and expect it to occur at each
successive (211) — (211) kink.

Figure 5 displays operando infrared absorption spec-
tra for arrays of nanowires containing either (211) —
{(111) or(211)—(211) kinks. Here, we revert to labeling
growth orientations as families of directions since the
infrared beam is sampling an ensemble of nanowires.
Our prior infrared study of the Au/Si system shows
that absorption peak intensity linearly correlates with
hydrogen atom surface coverage over the same range
of growth conditions utilized here.'” Spectra of the
v(Si—H) stretching region recorded before (i.e., condi-
tion I, 7—14 and 14—21 min) and after (i.e., condition I,
27-32 and 32—37 min) (211)—(111) kinking is shown
in Figure 5a. Two characteristic peaks at 2075 and
2090 cm™ " increase in intensity during (211) segment
growth. Consistent with the {111} and {113} facets
observed for (211)-oriented nanowires (Supporting
Information, Figure $3) and our prior work,'” we assign
these features to hydrogen adsorbed as monohydride
on {111} and {113} facets. Spectra measured during
(111) segment growth following the (211) — (111)
kink reveal that v(Si—H) modes, and thus adsorbed
hydrogen atoms, are no longer present. Figure 5b
shows analogous operando infrared spectra recorded
before (i.e., condition I, 5-10 and 10—15 min) and
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Figure 6. Kinking superstructure decision trees. (a) If the TB terminates, as is the case at a[211] — [111] or [117] kink, the next
segment can select from any of three degenerate (211) directions. Two segments after the original [211] segment, there are
now six possible (211) available to the nanowire, and superstructure coherence will be low. (b) The continuation of the TB at
[211] — [112] or [121] kinks forces the nanowire to select from one of two directions, which are angled 120° with respect to
each other and coplanar with the TB. This situation leads to highly coherent superstructures.

after (i.e., condition |, 17—22, 22—27, and 27—32 min)
{211) —(211) kinking. During growth of the first (211)
segment, and similar to that observed for the 7—14
and 14—21 min time points in Figure 5a, the v(Si—H)
stretching mode intensity increases. These features are
again attributed to hydrogen atoms adsorbed on
{111} and {113} facets. Growth of the second (211)
segment results in a further increase of these modes,
indicating that adsorbed hydrogen remains. We are not
able to directly probe the hydrogen coverage during
the 1 min application of condition II, but expect that
some, if not all, of the hydrogen is temporarily removed
via H, desorption.3*

We propose a mechanism for [211] — (111) and
[211] — (211) kinking based on our observations
of growth direction, TB propagation, and adsorbed
hydrogen. Higher Si,Hg pressures and lower substrate
temperatures, which are present under condition |,
result in the growth of hydrogen-terminated and
TB-containing [211] segments. When applying condi-
tion II, which occurs at the initiation of both kink types
and favors (111)-oriented growth, hydrogen desorp-
tion accelerates and {111} facets, specifically (111)
and (171),, emerge from the {113} facets (Supporting
Information, Figure S6). The catalyst droplet will even-
tually wet the opposing sidewall facets.>> The mecha-
nisms for [211] — (111) and [211] — (211) kinking
diverge beyond this point as a result of continuing
growth with condition Il or by reverting to condition |,
respectively. Fora(211)—(111) kink, the (117)s, . facet
shrinks and the main liquid—solid facet becomes
strictly (117)s.. The TB is now propagating at a 19.5°
angle relative to the new (111) growth direction,
eventually meeting with and terminating at the nano-
wire sidewall (Figure 4c). The situation is distinct for
(211) — (211) kinking. Since condition II, which
favors (211) growth, is applied after 1 min, the TB is
not able to reach the nanowire sidewall, and it con-
tinues to propagate along the new [121] growth
direction (Figure 4d). During this process, the (111)s ¢
and (111)s, transition to (117)s.; and (117)s,.

SHIN ET AL.

The termination or continuation of a symmetry-
breaking structural motif, such as the TB observed
here, explains the relative difficulty or ease of creat-
ing coherently kinked superstructures, respectively.’
When the TB terminates ata [211] — [1T1] or [1171] kink
(or a [211]1 — (211} kink with a sufficiently long step at
condition ll), nucleation returns to the truncated
facets on the {112} sidewalls.3®*” The addition of
another (211) segment then requires the generation
of anew TB, which can emerge from any of the broad
{112} sidewalls. Superstructure coherence is lost in
this situation, as Figure 6a illustrates, since the new
(211) segment can propagate in any of three possible
directions (i.e., [2T1], [121], or [172] for a preceding
[171] segment). However, the continuous TB present
in the case of [211]-oriented growth forces nuclea-
tion to occur at or near one of the two points created
by the intersection of the TB and trijunction.?%2'232
As shown in Figure 6b, this reduces the number of
available growth directions to two, such that only
[211] — [172] and [121] kinks are possible, and the
resulting superstructures are coherent. By virtue of
the continuous TB, all segments of coherent (211)/
(211) kinking superstructures occupy the same
plane and exhibit a fixed kink angle of 120°, as
previously reported.® We note that two {111}g
facets are theoretically possible, although energeti-
cally unfavorable, in the absence of a TB. While this
situation would also break the symmetry of the
growth front, prior work has shown that this solid—
liquid interface is only observed in the presence of
TB,%° which is why we refer to the TB as the symmetry-
breaking structural motif.

The covalent bonding of atoms to semiconductor
surfaces, here hydrogen atoms on Si, modifies interface
energetics®® and likely impacts nanowire growth. Since
adsorption and desorption are exponentially depen-
dent on temperature, substantial changes can occur
over a narrow range of growth conditions. Our prior
operando infrared study of the Au/Si system, where the
effects of Si,He pressure, substrate temperature, and
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H atom exposure were examined in detail for (111) —
(211) kinking, identified surface hydrogen's ability
to modify the force balance at the trijunction.'”” The
detailed crystal structure analysis and operando infra-
red data included herein for (211) — (111) or (211)
kinking extend our previous results and provide addi-
tional evidence of surface chemistry's importance.
For a (211) — (211) kink, two degenerate (211) seg-
ments simultaneously exist in the same nanowire.
Both segments are bound by the same hydrogen-
terminated {111} and {113} facets (Figures 5b and S3),
but exhibit distinct liquid—solid interface geometries
and thus contact angles (Figures S3, S4, and S5). The
constancy of sidewall chemistry and structure during
(211) segment growth indicates that the solid—vapor
interface energy, not the liquid—solid or liquid—vapor
interface energies, dominates growth direction selec-
tion. While a TB is also present in both (211) segments
and helps to break the symmetry of the trijunction
as discussed above in the context of superstructure
coherence, it does not play a major role in con-
tinuous (211) growth. In particular, we observe that
{111) growth returns, the TB terminates, and the solid—
liquid interface flattens upon hydrogen removal. Thus,
despite the favorability of nucleation at a TB when it is
present,®?* the TB cannot in and of itself drive con-
tinuous (211) growth. Reports of kinked nanowires
without internal defects further suggest the TB's

METHODS

Si nanowires are grown on a Si (111) substrate in a custom-
built ultra-high-vacuum (UHV) chamber described previously.17
Samples are cut to 5 mm x 24 mm and precleaned in 1 M HF
solution for 5 min to remove the native oxide. After deionized
water rinsing for 30 s and drying with N, the sample is
immediately loaded into the UHV chamber and heated to
700 °C for 1 h under vacuum via direct resistive heating. Sample
temperature is monitored by an infrared pyrometer. The sample
is then cleaned by annealing to 1200 °C for 30 s and cooled to
room temperature at a rate below 2 °C/s. A ~2 nm thick Au film
is thermally evaporated after the substrate reaches room
temperature.

To simplify the identification and comparison of different
growth directions, all nanowires are initiated with a [111]
segment oriented perpendicular to the Si(111) substrate. This
substrate-attached [111] segment is initiated at a disilane
(Voltaix, Si;Hg, 99.998%) pressure of 2 x 10~*Torr and substrate
temperature of 590 °C for 2 min before lowering the substrate
temperature to 490 °C at constant Si,He pressure for an addi-
tional 10 min. The kinks of interest, specifically (211) — (111)
or (211) — (211), are subsequently formed by applying
the sequence of growth conditions, denoted | and Il, shown in
Figure 1. Condition | constitutes a Si,Hg pressure of 5 x 10~*
Torr and substrate temperature of 410 °C, while condition Il
constitutes a Si,Hg pressure of 2 x 10™* Torr and substrate
temperature of 490 °C. The temperature ramp rate at all condi-
tion changes is 8 °C/s for both cooling and heating.

Surface hydrogen covalently bonded to the nanowire side-
wall is measured via operando transmission infrared spectros-
copy. The FTIR spectrometer (Bruker V70) is equipped with a KBr
beamsplitter and HgCdTe detector."” In this work, all spectra
are collected with a 58° angle of incidence. All spectra consist

SHIN ET AL.

minority role in selecting growth direction.'®3%4° While
the TB does not appear essential for continued (211)
growth, we note that it may help overcome a kinetic
barrier during the initial (111) —(211) kinking process
(Figure 1). However, further studies are required to
understand this effect.

CONCLUSION

We show that Si nanowire kinking superstructures
comprised of (211) segments exhibit a continuous
TB that lies in the same plane as the superstructure.
We propose a mechanism by which this TB reduces
the symmetry of the growth front, restricts the num-
ber of available growth directions, and results in
structurally coherent (211)/(211) superstructures for
the Au/Si system. The presence of adsorbed hydrogen
atoms only during (211) growth, in conjunction with
the observation of multiple liquid—solid interface
morphologies and TB elimination for (211) — (211)
and (211) — (111) kinking, respectively, further high-
lights the importance of solid—vapor chemical bond-
ing. Our findings demonstrate that future attempts to
engineer alternative and simultaneously highly co-
herent, kinking superstructures should combine (1)
novel chemistries to favor different growth directions
and (2) a symmetry-breaking structural feature, for
example a defect, to limit the number of nucleation
points.

of 1200 and 1680 scans for 5 and 7 min acquisition times, res-
pectively, with a resolution of 4 cm™". A background scan is
initially recorded upon application of condition | following growth
of the substrate-attached [111] segment. A new background scan
is recorded after the | — Il transition (i.e., for 211) —(111) kinks),
due to the extended temperature change, but not the brief | —
Il — I transition (i.e,, for (211) —(211) kinks). All spectra are base-
line corrected with a standard concave rubberband procedure.

Si nanowire kink morphology and crystal structure are ana-
lyzed via a Zeiss Ultra 60 field emission scanning electron
microscope (SEM) and a FEI Titan S80-300 transmission electron
microscope (TEM). Nanowires are removed from the growth sub-
strate for TEM measurement via ultrasonication in 2-propanol
and then drop cast onto lacey carbon grids (Ted Pella).
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