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ABSTRACT Stacking faults are an important class of crystal
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defects commonly observed in nanostructures of close packed crystal
structures. They can bridge the transition between hexagonal
wurtzite (WZ) and cubic zinc blende (ZB) phases, with the most
known example represented by the “nanowire (NW) twinning
superlattice”. Understanding the formation mechanisms of stacking

faults is crucial to better control them and thus enhance the
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capability of tailoring physical properties of nanomaterials through

defect engineering. Here we provide a different perspective to the formation of stacking faults associated with the screw dislocation-driven growth
mechanism of nanomaterials. With the use of NWs of WZ aluminum nitride (AIN) grown by a high-temperature nitridation method as the model system,
dislocation-driven growth was first confirmed by transmission electron microscopy (TEM). Meanwhile numerous stacking faults and associated partial
dislocations were also observed and identified to be the Type | stacking faults and the Frank partial dislocations, respectively, using high-resolution TEM. In
contrast, AIN NWs obtained by rapid quenching after growth displayed no stacking faults or partial dislocations; instead many of them had voids that were
associated with the dislocation-driven growth. On the basis of these observations, we suggest a formation mechanism of stacking faults that originate from

dislocation voids during the cooling process in the syntheses. Similar stacking fault features were also observed in other NWs with WZ structure, such as

cadmium sulfide (CdS) and zinc oxide (Zn0).
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he physical properties and function-
Tality of nanomaterials are dependent

on their size, composition, crystal
structure, and defect condition. Particularly,
polytypic nanowires (NWs), which have uni-
form chemical composition, but segments
of varied crystal structures have tunable
electronic band structure and are promising
building blocks for nanoscale homojunc-
tions."? The formation of stacking faults is
the key to understanding polytypism in
NWs, because stacking faults are present
at every boundary between two segments,
causing the transition in crystal structures.
Indeed, stacking faults have been frequently
observed in polytypic NWs of group IV,**
1—VI°~7 and lll—V&~ % semiconductors, and
also in metal NWs.'® The common feature
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for most of these materials is that they share
the close packed crystal structure, except
for the group IV semiconductors which have
the diamond structure. For [I-VI and IlI-V
compounds, the presence of stacking faults
marks the phase transition between hexa-
gonal wurtzite (WZ) and cubic zinc-blende
(ZB) structure. The most well-known exam-
ples are the “NW twinning superlattices”,
which are synthesized by catalyst-driven
vapor phase growth.8~ 117 |n this scenar-
io, catalyst particles drive the anisotropic
crystal growth and thus enable the forma-
tion of the NW morphology; meanwhile the
reaction conditions are carefully tuned to
favor the nucleation of either WZ or ZB
layers at the interface between the NW
and the catalyst.’
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Figure 1. Schematic illustrations of (a) common notations used for hcp/WZ lattice, (b and c) dissociation of a perfect
dislocation into two Shockley partials in hcp/WZ lattice viewed from [0001] ZA (b) and [2110] ZA (c). (d) A table of the common

dislocations in hcp/WZ structures.

However, in the absence of catalysts or templates,
crystal growth can still occur in a highly anisotropic
fashion to form 1D NWs owing to the presence of axial
screw dislocations.'® The screw dislocation-driven
growth has been shown to be a general and versatile
mechanism to grow NWs and other anisotropic nano-
structures of a variety of materials.>?° Intriguingly,
stacking faults are sometimes also observed in these
dislocation-driven NWs.'>?" It is well-known that dis-
locations are mobile within a crystal lattice and that the
motion and dissociation of a perfect dislocation can
lead to the formation of a stacking fault bounded by a
pair of Shockley partial dislocations.?>** Here we adopt
the notation from Berghezan, Fourdeux, and Ame-
linckx to describe the dislocation vectors in a hexagonal-
close-packed (hcp) crystal lattice>* As shown in
Figure 1a, points A, B, and C represents three adjacent
lattice points in a close packed plane, connected by the
1/3 (1120} lattice vectors (a); o is the center of the
triangle ABC, which is not a lattice point, and the
vectors Ag, Bo, and Co are 1/3 {1700) (p); S (or ') is
the lattice point in the adjacent close packed plane,
whose projection corresponds to the o point, and the
vector oS is 1/2[0001] (c/2). In theory the possible slip
directions in hcp/WZ lattice are linear combinations of
the above vectors, which are essentially the Burgers
vectors of the dislocations. The table shown in
Figure 1d summarizes the most common Burgers
vectors in hcp/WZ structures. Note that in the ideal
hcp/WZ structures ¢ = (8/3)"a.

Figure 1b and 1c illustrate the typical dissociation
process of a perfect dislocation into two Shockley
partial dislocations viewing from the [0001] and
[2110] zone axes (ZA), respectively. Instead of taking
a direct slip motion along the AB direction (a), the
lattice slips along Ag + 0B (p) because it is energetically
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more favorable according to Frank's rule: the strain
energy associated with a dislocation is proportional to
the square of the magnitude of its Burgers vector (2p> =
2a°/3 < a*).2 The faulted regions (Figure 1b and 1c)
generated through this dissociation process are de-
noted the Type Il stacking faults (or intrinsic Type 2,
Type I, by Lothe and Hirth*?), which have a character-
istic stacking sequence of

...AaBbAaBbAaCcBbCcBbCc...CcBbCcBbCcAaBbAaBb...

where the large and small cases represent the anions
and cations in the wurtzite lattice, respectively. Note in
these illustrations (Figure 1b and 1c) and discussion we
simplify the structural notation to the hcp system,
because the motion of the dislocations does not vary
a lot between hcp and WZ.

In this article, we report our systematic study of the
stacking faults and other crystal defects in wurtzite
NWs using AIN NWs as the model system. We choose
AIN first because it is a dislocation-prone material and
there have been previous reports showing dislocation-
driven growth of bulk or micrometer-sized AIN
crystals®>2® and template-free spontaneous formation
of AIN nanotubes.?” Second, AIN is an interesting wide
bandgap (6.2 eV) semiconductor that has applications
in optoelectronic devices?®*° and electronic substra-
tes.3® Finally, AIN is also a robust ceramic material
that serves as a mechanical reinforcement phase in
metal-matrix nanocomposites.3'3? The new insights
we learned from this study may help to better control
the growth of AIN and other WZ nanostructures to
enhance their functionality.

RESULTS AND DISCUSSION

Synthesis of AINNWs. AIN NWs were grown by thermal
nitridation of metal aluminum (Al) at 1000 °Cand 1 atm
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Figure 2. SEM images of the AIN NWs grown without
Ni(NOs), (a) and with Ni(NOs), (b). PXRD (c) of AIN NWs
and the reference diffractograms.

pressure under the coflow of nitrogen (N,) and hydro-
gen (H,) gas, and then the products were allowed to
cool to room temperature naturally under N, and H,
flow. Figure 2a shows a representative scanning elec-
tron microscopy (SEM) image of the as-synthesized AIN
NWs. Powder X-ray diffraction (PXRD) confirmed that
they are phase-pure WZ AIN (PDF No. 25-1133, space
group: P63mc,a=0.3111 nm, c=0.4979 nm, Figure 2¢).
This also indicates that the as-synthesized NWs are not
as heavily faulted as in the cases of the NW twinning
superlattices because the ZB AIN peaks (PDF No. 25-
1495) were not observed.

The addition of ammonium chloride (NH,CI) to the
Al powder was crucial for the growth of AIN NWs, which
facilitated the transportation of Al into the vapor phase
and the further reaction with N,. When no NH,Cl was
added or other ammonium/amine containing com-
pounds such as NH4HCOs or urea were used as ammo-
nia source instead of the chloride salt, growth of NWs
was not observed. The possible chemical reactions
involved in this synthesis are listed as follows:

NH4Cl — NH; + HCl
2Al+ 6HCI — 2AICI; + 3H;
2AICl3 4+ N; + 3H; — 2AIN + 6HCI

2Al+2NH3; — 2AIN + 3H,

The sublimation and decomposition of NH,Cl starts at
around 350 °C, resulting in a white cloud that moves
downstream inside the tube. The generation of HCI
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TABLE 1. Statistics on Growth Directions of AIN NWs

{0001) (1010) (1011) total

without Ni(NOs), 89 63 77 229
with Ni(NO5), 68 64 8 140

vapor leads to the formation of AICl;, which acts as a
vapor transfer reagent that further reacts with gaseous
N, to yield AIN. Indeed, N, flow is necessary, since pure
Al is obtained using Ar as carrier gas (data not shown),
confirming that the nitrogen in AIN mainly comes from
N, flow rather than NH4Cl. The coflow of H, gas has
dual roles here: first the H, is involved in the reactions
that form AIN, which affects the chemical equilibrium
and supersaturation of the reaction system; second it
has been pointed out that the introduction of H, gas in
the vapor-phase syntheses of NWs often facilitates the
dislocation-driven growth mechanism.'81921:3334

The introduction of a small amount of nickel(ll)
nitrate [Ni(NOs),] increases the yield of AIN NWs
(Figure 2b), nevertheless it was not a necessary condi-
tion for the NW growth. We would like to point out that
the Ni herein was likely not a catalyst in the typical
vapor—liquid—solid growth, because catalyst tips were
not observed. We also did not detect signals of Ni in
these NWs by either energy-dispersive spectroscopy
(EDS, Supporting Information, Figures S1 and S2) or
electron energy loss spectroscopy (EELS, Figure S3)
using TEM and scanning transmission electron micro-
scopy (STEM). In the PXRD there was emergence of
peaks attributed to the AINi alloy (PDF No. 20-0019,
space group: Pm3m, a = 0.2887 nm, Figure 2c), which
was probably present in the form of other morpholo-
gies. It is possible that the mixing of Ni impurities
lowers the nucleation energy and thus promotes the
subsequent growth of AIN NWs, as we have observed
before for the growth of CdS and CdSe NWs with the
presence of Au.?’

Using transmission electron microscopy (TEM), we
observed three major growth directions for these AIN
NWs: {(0001), (1010), and (10T11), all of which are
common directions of dislocation Burgers vectors in
WZ lattice (Table 1). The addition of Ni(NOs), clearly
suppressed the growth of AIN NWs along the (10T1)
direction, and {0001) and (1010) dominate the growth
directions (the statistics are shown in Table 1), which is
likely due to the change in the initial nucleation caused
by the introduction of Ni impurities, for example, the
formation of AINi phase in the “seeding layer”. Other-
wise, the difference in the NWs grown with or without
Ni(NOs), is not significant: dislocations and stacking
faults are present in both cases. Therefore we do not
specifically distinguish growth conditions for the NWs
shown in the rest of the discussion.

Confirmation of the Dislocation-Driven Growth of AIN NWs.
Diffraction contrast transmission electron micro-
scopy (DCTEM) was employed to confirm the
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Figure 3. Structural confirmation of screw dislocation-dri-
ven growth of AIN NWs and the Eshelby twist: (a—c)
Diffraction contrast TEM imaging of the dislocation in an
AIN NW under strong two-beam conditions. Panel a repre-
sents the g||b condition when the dislocation contrast is the
strongest; panels b and c represent invisibility conditions
when the dislocation contrast disappears. (d—f) Eshelby
twist contour analysis of another AIN NW. Panel d shows
the bright-field image of a NW with multiple dark bands of
twist contours and the relevant measurements of them;
panels e and f show the dark-field index of a pair of the
contour bands. Insets are the corresponding selected area
electron diffraction (SAED) patterns.

dislocation-driven growth of as-synthesized AIN NWs.
The presence of an axial screw dislocation distorts the
lattice planes at the core of the NW, which deflects
away incident electrons, generating a dark line of
contrast. However, this dislocation contrast is not visible
when only reciprocal space lattice vectors (g vectors)
that are orthogonal to the Burgers vector (b) are
excited (g+b = 0, the invisibility criterion).>® Therefore
the direction of a dislocation can be determined by
taking the cross product of two noncollinear g vectors
that meet the invisibility criterion (b]|g; x g2). The AIN
NW displayed no dislocation contrast when two beam
conditions of g = (1010) (Figure 3b) and g = (2110)
(Figure 3c) were established, and the characteristic
dislocation contrast line was clearly observed when
g = (0002) was excited (Figure 3a). The Burgers vector
can then be identified to be along [0001] directions. In
addition to the pure axial screw dislocations observed
in NWs growing along the [0001] directions, disloca-
tions with a mixture of edge and screw components
were also seen in the NWs growing along the [1010]
directions (see Supporting Information, Figure S4),
accounting for the anisotropic growth of the nano-
structure.

The Eshelby twist is another signature of the dis-
location-driven growth, which is caused by the strain
field in the crystal lattice introduced by the presence of
screw dislocations.>® We also detected and quantified
the Eshelby twist in these AIN NWs using twist contour
analysis,?® the principle and procedure of which have
been discussed in detail in our previous work.>’*8 For
the AIN NW shown in Figure 3d, it is twisted 3.3° per
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micrometer, which corresponds to a Burgers vector of
0.47 nm in magnitude which is approximately the
length of (0001) spacing in AIN (c = 0.4979 nm). These
confirm the operation of the screw dislocation-driven
mechanism in the growth of AIN NWs.

Observation of Stacking Faults in AIN NWs. We would like
to point out that only a small portion of the examined
NWs (12 out of 369) display distinctive dislocation
contrast. However, in the rest of the AIN NWs that do
not display axial screw dislocations, stacking faults are
frequently observed (97 out of 369, ~26%). The stack-
ing faults always dwell on the {0001} planes (the close
packed plane), regardless of the growth directions of
AIN NWs, which is commonly observed in ionic wurt-
zite crystals. The {1120} prismatic faults were rarely
reported for AIN, except for an early report by Drum on
intersecting faults in AIN film.*° Figure 4a to 4d show
typical features of stacking faults (marked by orange
arrows) observed under TEM in NWs growing along
[0001] (Figure 4a and 4b), [1010] (Figure 4c),and [1011]
(Figure 4d) directions, respectively. More intriguingly,
many stacking faults are bound by partial dislocations
(Figure 4e to 4h), which are generally recognized as the
extended dislocations. Among these stacking faults or
extended dislocations, it is most common that they
form a closed loop with the direction of partial disloca-
tions perpendicular to the faulted planes, rendering as
a concave feature on the surface of the NW (Figure 4e
and 4f). Occasionally there are zigzag features, where
stacking faults are connected by partial dislocations
(Figure 4g and 4h). Note that stacking faults that
occupy a partial crystal plane can appear to be com-
pletely filling a layer when viewed from certain direc-
tion (Supporting Information, Figure S5). The mutually
exclusive appearance of the threading screw disloca-
tions and stacking faults with partial dislocations in
these AIN NWs make us wonder if there is a causal
relation between these two phenomena: could the
original screw dislocation move and/or dissociate
and lead to the formation of extended dislocations?

Identification of the Stacking Faults and Discussion of Their
Formation Mechanisms. Steinberger et al. suggested a
mechanism for giant screw dislocations in zinc-blende
ZnS crystals that have Burgers vectors of 2nc (n = 1) to
dissociate into Shockley partials via a periodic slip
process during the cooling down of crystal growth,
resulting in polytypic crystals.***' If this hypothesis
also held true in our case of AIN NWs, we would expect
the partial dislocations to be the Shockley type and the
enclosed stacking fault region to be Type Il, as shown in
the schemes in Figure 1. Therefore we set out to use
high-resolution TEM (HRTEM) to carefully examine the
classification of the stacking faults in the AIN NWs to
verify the hypothesis above. The NWs were first tilted
onto the [2110] zone axis of AIN, which is the proper
orientation to observe and distinguish the stacking
sequences. To increase the signal-to-noise of the lattice
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Figure 4. A collection of TEM images showing representative stacking fault features in the AIN NWs: (a—d) Generic stacking
fault features in NWs growing along [0001] (a and b), [1010] (c), and [1010] (d) directions. (e—h) Stacking faults bounded by
partials dislocations. The stacking fault regions are marked by the orange arrows. Note that NWs shown in panels g and h are

from a slightly different synthesis (see Methods section).

Figure 5. Identification of Type | stacking faults in the AIN NWs. The yellow dashed squared in the insets represent the region
from which the HRTEM were acquired. All of the scale bars in the insets are 50 nm. Note that the circular features in panels e

and f are due to a defect in the CCD camera of the TEM.

fringes, Fourier filtering was applied to all of the HRTEM
images shown in Figure 4, which specifically selected
{0002} and {1070} reciprocal space lattice vectors.
However, the identification of various stacking faults
in the AIN NWs reveals all of them to be Type I, with a
stacking sequence of

...AaBbAaBbAaCcAaCcAa...AaCcAaCcAaBbAaBb...

Unlike the Type Il stacking faults, the Type | has one set
of close packing layer that stays in its correct position
(the A layer, e.g.) and the other two alternating their
positions (B and C layer) across the boundary between
faulted and unfaulted regions. Here we show the most
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generic Type | arrangement in AIN NWs growing along
[1010] crystal axes (Figure 5a,c) or [0001] (Figure 5b),
which clearly possesses the above characteristics. The
stacking faults in these two images did not terminate
within the NWs, therefore no bounding partial disloca-
tions were observed. The stacking faults with closed
loop shape (Figure 5d—f) are indexed to be the Type |
as well, enclosed by the Frank-type of partial disloca-
tions that possess a screw component (p + ¢/2). These
HRTEM features of Type | stacking fault and Frank
partial dislocations are also consistent with the pre-
vious report on TEM imaging of stacking faults in
wurtzite crystals.*? The unequivocal identification of

A \ 72n
VOL.7 = NO.12 = 11369-11378 = 2013 A@M\R)

WWww.acshano.org

1101 L¢

11373



Frank Typel Frank

[2170] ZA partial Fault partial
0283, caeee 200,
0 eoee so00
0000 (L1 .'.'.'.‘ oy
eses se08 so0¢ 36060

Figure 6. Schematic illustration of the formation of a Type |
stacking fault and its associated Frank partial dislocation
pairs by collapsing on a void in the hcp/WZ crystal lattice.

the Type | stacking fault and the Frank partial disloca-
tions disapprove our initial speculation that the stack-
ing faults directly evolve from the dissociation of
dislocations.

The natural question to ask next is, Could these
stacking faults simply be “growth defects”? Here the
“growth defects” specifically refer to the defects that
are generated during the crystal growth due to fluctua-
tion of the supersaturation, as opposed to defects that
are introduced by postgrowth treatment such as
quenching or mechanical compression. These growth
defects do not necessarily play a role in the anisotropic
growth. Calculation shows that in general the forma-
tion energy of Type | stacking fault is smaller than that
of Type II,*® because it only requires one operation of
faulted nucleation to form Type | stacking fault,
whereas the formation of Type Il stacking fault relies
on two successive faulted nucleations. Therefore ide-
ally the formation of Type | stacking fault by crystal
growth is thermodynamically favored over the Type .
However, in reality the coexistence of both Type | and
Type Il stacking faults has always been observed in as-
grown crystals, in either thin film or nanostructures **~*8
Also Amelinckx et al. pointed out the possibility of
forming a Type Il stacking fault in the growth condi-
tions close to the transition point between WZ and ZB
phases.** Most importantly, in all of the above discus-
sion of the “growth defects”, the supersaturation levels
of the growth ambient are sufficiently high and it is
essentially the layer-by-layer mechanism that domi-
nates crystal growths as well as the formation of
stacking faults, whereas in our growth of AIN NWs,
we have confirmed that the dislocation-driven me-
chanism is playing a significant role, indicating a
relatively low supersaturation. By all accounts, the
appearance of exclusively Type | stacking faults in the
AIN NWs cannot be simply attributed to the “growth
defects”.

An alternative route to form a Type | stacking fault is
by collapsing atomic layers around vacancies or voids
in the crystal lattice as illustrated in Figure 6. In the case
of a voided disk of one atomic layer thick, both “A”
planes below and above the vacancy will become close
simultaneously at the beginning (middle panel of
Figure 6), and one of them will collapse to become a

“C" stacking layer eventually. This process typically
occurs during the course of cooling crystals from
higher growth temperature,®® which is an aspect in
the crystal growth that people usually overlook. On the
other hand, the dislocation-driven growth can lead to
the formation of hollow structures or voids when the
Burgers vectors are large, also known as the “open-core
dislocations”.**° In 1D nanostructures, the appearance
of hollow nanotubes or voided nanowires is associated
with the dislocation-driven growth mechanism,'>'%3851 =>4
We then realized that in the typical syntheses of these
AIN NWs with Type | stacking faults, the products were
allowed to cool down from 1000 °C to room tempera-
ture naturally, which took about 30 to 40 min. There-
fore, we speculate that the formation of Type | stacking
faults and the associated Frank partial dislocations
might take place during this cooling process, if the
as-grown AIN NWs had indeed been voided.

Quenching the AIN NWs. To test our new hypothesis
that the formation of stacking faults from voids occur
during the cooling process, we tried to rapidly quench
the growth products from high temperature to room
temperature by taking out the reaction boat while it
was still at 1000 °C and then quickly putting it onto a
pile of dry ice. In this way the product could be cooled
down to the room temperature in less than 30 s, which
essentially shut down the pathway to form Type |
stacking faults during the slow cooling process and
“froze” the NWs in their as-grown forms. TEM examina-
tion showed that the quenched AIN NWs exhibited
rather different characteristics than the ones collected
after slow cooling (Figure 7).

The major observations are summarized as follows:

(1) The quenched NWs are still single crystals of WZ
AIN. This was confirmed by HRTEM, as shown in the
Supporting Information (Figure S6). The major growth
directions of the quenched AIN NWs are along [0001]
and [1070], which is consistent with the distribution of
the unquenched NWs. There was clearly oxide layer
formation on the NWs due to exposure to air when the
product was still red-hot. This was not seen in the
naturally cooled samples, because the coflow of nitro-
gen and hydrogen was kept on, which protected the
NWs from being oxidized.

(2) Many quenched NWs (10 out of 53 NWs exam-
ined, ~19%) have nanometer-sized voids in the middle
(Figure 7a—e), which is not observed for the NWs
cooled down slowly. This percentage is comparable
but slightly lower than the ratio of NWs with stacking
faults in the naturally cooled samples (~26%). This is
consistent with our hypothesis. These voids are likely
the consequence and signature of the dislocation-
driven growth mechanism, and later on become the
sites where the lattice collapsing happens, and evolve
into the Type | stacking faults and associated Frank
partial dislocations if the NWs were allowed to cool
down naturally.
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Figure 7. Representative TEM images of the AIN NWs obtained by quenching the growth at high temperature: (a—e) NWs with
nanometer-sized holes; (f—h) helical NWs; (i,j) NWs displaying dislocation contrast.

(3) There is no noticeable feature of stacking faults
observed in the quenched NWs, which is another
significant difference from those NWs that underwent
natural cooling. This is confirmed by SAED and HRTEM
observation near the [2110] zone axis (Supporting
Information, Figure S6). If there were stacking faults
in the NW, the {0001} diffraction spots would have
extended to a string of spots, which did not occur in the
quenched NWs. This further confirms that the growth
conditions employed herein still lie in the relatively low
supersaturation regime, and that the Type | stacking
faults observed are indeed not induced by growth.

(4) Some helical structures (5 out of 53) were
observed (Figure 7f—h), which was not seen previously.
SAED confirmed that they were indeed helices
(Supporting Information, Figure S7), as there was a
rotational change in the brightness of the diffraction
spots. The emergence of this new morphology is
beyond our understanding. Although it is visually
intuitive to correlate the helical feature with screw
dislocations and therefore the dislocation-driven me-
chanism, we do not have enough information to
explain how the helices relax to become straight wires
during a slow cooling process, and might have con-
nection with the stacking faults. Furthermore, similar
helical (or zigzag) features in AIN NWs have also been
reported by other groups where natural cooling was
adopted.>>® Hence it is unlikely that the quenching
process leads to the formation of these structures.

(5) Axial screw dislocation contrast could still be
observed (2 out of 53) in the quenched NWs (Figure 7i,).

MENG ET AL.

This confirms that the quenching treatment does not
affect the way NWs grows, and that it is unlikely the
axial screw dislocations are introduced in the cooling
process.

The emergence of voids and absence of stacking
faults in the quenched AIN NWs are consistent with our
hypothesis that the Type | stacking faults and partial
dislocations form during the process of the postgrowth
cooling process rather than the crystal growth. How-
ever, at present we cannot completely eliminate side
effects caused by the quenching treatment, for exam-
ple, the generation of oxide layers and possible che-
mical stress induced by the temperature gradient, etc.
The ideal way to unequivocally prove the hypothesis is
by in situ environmental TEM and HRTEM observa-
tion of the whole course of the growth and cooling
processes,>” which is beyond our capability. Never-
theless, the evidence we have presented are all con-
sistent and strongly suggest the possibility of form-
ing stacking fault defects in crystals/NWs from
voids during postgrowth processes that people usually
overlook.

Observation of Type | Stacking Faults in Other Wurtzite
NWs. We would like to point out that even though
our experimental work was focused on AIN NWs, this
mechanism of forming stacking faults in dislocation-
driven materials is general to other dislocation-
prone WZ NWs, such as other II-VI?™*" and lll—V com-
pounds.>®® As a preliminary study, we have also
looked into the stacking fault structures of other NWs
of WZ structures including cadmium sulfide (CdS) and
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Figure 8. Type | stacking faults and Frank partial disloca-
tions in CdS (a—c) and ZnO (d—f) NWs. (a) Low-resolution
TEM image of a CdS NW containing zigzag-shaped stacking
faults. (b) HRTEM image showing the faulted region in panel
a with a Frank partial dislocation. (c) HRTEM image of a CdS
NW containing closed-loop stacking faults. (d) Low-resolu-
tion TEM image of a ZnO NW containing closed-loop stack-
ing faults. () HRTEM image showing the index of Type |
stacking fault in the ZnO NW shown in panel d. (f) HRTEM
image showing the Frank partial dislocation in a ZnO NW.
Orange arrows indicate the faulted region.

zinc oxide (ZnO), and found them to be the Type | as
well. The CdS NWs (Figure 8a—c) were synthesized
by thermal evaporation of CdS powder. The ZnO
NWs (Figure 8d—f) were epitaxially grown in aqueous
solution from microplates of copper gallium oxide
(CuGa0,).5" The low-resolution TEM images of CdS
and ZnO NWs (Figure 8a,d) show typical Type | stacking
faults with Frank partial dislocations that have zigzag
shape (Figure 8a) or closed loop shape (Figure 8d),
which are visually similar to what have been observed
in the AIN NWs. HRTEM (Figure 8b,c,e,f) further con-
firms the identification of the Type | arrangement as
well as the Frank-type partial dislocations in these NWs.
Meanwhile, several other reported WZ NWs®%%3 grown
by catalyst-free methods also exhibited the stacking
fault features that might be indexed to the Type I.
Interestingly, most of these catalyst-free NW growths
that led to the formation of stacking faults (Type I) were
high temperature vapor phase growth, suggesting the
disparity in growth temperatures might be the cause of
the difference. However, the ZnO we examined were
grown from a low temperature aqueous solution. We
need to consider two factors: (i) the growth conditions
for ZnO have been shown to produce hollow struc-
tures, contributing to additional surface energy;’'

METHODS

Materials. All chemicals were purchased from Sigma-Aldrich
and used as received without further purification.

Synthesis of AIN NWs. Most of the AIN NW samples we
examined were synthesized via the thermal nitridation of metal
Al powder. In a typical synthesis, 0.500 g of metal Al powder,
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(ii) ZnO has a relatively small stacking fault energy
compared with AIN.*? The formation of Type | stacking
faults might compensate for the surface energy and
enable the process at low temperature. Depending on
the relative energetics of stacking faults and disloca-
tions, the frequency of stacking fault observation
might vary between different materials.

CONCLUSION AND OUTLOOK

We have carefully and systematically examined the
stacking fault and dislocation defects in AIN NWs that
have been synthesized via a high-temperature, cata-
lyst-free, vapor phase growth. We confirmed the op-
eration of the dislocation-driven growth in these AIN
NWs by diffraction-contrast TEM as well as Eshelby
twist contour analysis. More importantly, we also ob-
served and investigated stacking faults and the asso-
ciated partial dislocations in the as-grown NWs. All of
the stacking faults were identified to be Type |, and the
associated partial dislocations were identified as Frank-
type using HRTEM characterization. These defects
cannot be explained by the classic route of dissociating
a perfect dislocation. However, Type | stacking faults
can form by collapsing around voids in the crystal
lattice during a slow cooling process. The AIN NWs
that are grown driven by dislocations could generate
voids that further evolve into Type | stacking faults and
the associated Frank partial dislocations. We indeed
observed voids in the AIN NWs by rapidly cooling the
NW products from high temperature to avoid the
evolution of extended defects and to preserve the
original structural characteristics present during
crystal growth, which strongly suggests that the
stacking faults observed are formed during the
postgrowth cooling process. This new understand-
ing of stacking fault formation can also be applied to
NWs of other wurtzite materials, such as CdS and
ZnO, in which similar Type | stacking faults and Frank
partial dislocations have been preliminarily ob-
served. More advanced microscopy technique, such
as in situ environmental TEM, might provide a more
direct and definitive proof of the proposed hypoth-
esis. Understanding the origins and formation me-
chanisms of stacking fault defects will enable us to
rationally control them in AIN, CdS, ZnO, and other
WZ nanostructures and therefore allow us to better
realize desired physical properties for specific
applications.

0.500 g of NH,Cl, and 0.100 g of Ni(NOs),-6H,0 (if used) were
mixed and ground in a mortar and then transferred into an
alumina boat. The boat was placed in a quartz tube (1 in. i.d.)
connected to N, and H, gas inlets and the exhaust line in a
vacuum system. The tube was placed in a tube furnace (Thermal
Fisher, Lindberg Blue), and the reaction boat was at the center of
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the furnace. The system was flushed with a coflow of 480 sccm
N, and 20 sccm H, for 30 min prior to heating. Then the
temperature was raised to 1000 °C from room temperature at
arate of 15 °C/min and held at 1000 °C for 1 h. After the reaction
was finished, the furnace was opened to allow the reaction tube
to naturally cool to room temperature under N, and H, flow. In
the case of a quenched reaction, the reaction boat was taken
out of the tube immediately while it was still at 1000 °C and then
put onto a pile of dry ice. Some AIN NW samples examined
(Figure 3 panels g and h) were synthesized following a modified
synthesis that was described in a previous work.?” Briefly, Al
powder was dipped into a solution of CoSO,. After the solvent
was evaporated, CoSO4-impregnated Al powder was obtained
(0.8 mmol Co/g Al). Then, the precursor was put into a tube
furnace, which was heated up to 1150 °C under the protec-
tion of 100 sccm Ar. When the temperature reached 970 °C,
200 sccm NH3/N, (NHs 4 vol %) gas was introduced into the
system as the nitrogen source. The reaction lasted for 90 min,
and then the furnace was cooled naturally.

Synthesis of (dS NWs. The CdS NWs were synthesized by
coevaporation of CdS powder and metal Bi powder at 650 °C
under the coflow of 100 sccm Ar gas and 20 sccm H; gas at
1 Torr. We note that in this synthesis there is coexistence of the
dislocation-driven growth and the VLS growth. Nevertheless,
we intentionally examined the defects using TEM on the NWs
that were free of the catalyst tips, whose growth were more
likely to be driven by the screw dislocations.

Synthesis of Zn0 NWs. The ZnO NWs were synthesized by
hydrolysis of Zn(NOs), under the presence of hexamethylene-
tetramine (HMT) in an aqueous solution, as described
previously.®’

Structural Characterization. SEM was performed using a LEO
Supra55 VP microscope. PXRD data were collected on AIN NWs
dispersed on glass substrates using a Siemens STOE diffract-
ometer with Cu Ka. radiation. TEM samples were prepared by
gently vortexing and dropcasting the NW samples onto lacey
carbon-supported TEM grids. An FEI Titan scanning transmis-
sion electron microscope (200 kV), an FEI TF-30 transmission
electron microscope (300 kV), and a Philips CM-200 transmis-
sion electron microscope (200 kV) were used for the micro-
structural analysis of the AIN, CdS, and ZnO NWs.
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