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Abstract
Highly ordered three-dimensionalmicro- and nano- PbSe pyramid arrays were synthesized by using
selective epitaxial self-assembled chemical bath depositionmethod. Each pyramid consists of a very
sharp (111) tip with six smooth equivalent {100} facets. Every (100) facet forms an angle of about 54.7°
with respect to the (111) facet. The structural features including pyramidal size and period could be
precisely tailored by pre-patternedAumask and etching time. Pyramids are self-assembled on the
confined positions by the dual functions of one-dimensional and two-dimensional oriented
attachmentmechanisms along [110] directions on the (111) surface, following theGibbs-Curie-Wulff
minimumenergy principle. Thismethod could effectively create large, bottom-up 3Dpyramidal
surface patterns in a cost-effective and time-savingmanner, which has potential applications in
infrared photoconductors, solar cells and light emitting enhancement for display, etc.

1. Introduction

Precise control of three-dimensional (3D) pyramid surface patterns is increasingly important in optoelectronic
devices [1] such as solar cells [2, 3], detectors [4], light-emitting diodes [5, 6], and triboelectric nanogenerators
[7]. For example, as an anti-reflection coating, the pyramidal or inversed pyramidal surface pattern not only
significantly improves the silicon solar cells performances by improving the light trapping, but also reduces the
thickness of silicon bymore than 90 percent for solar cells applications while stillmaintaining the high efficiency
[8]. In contrast to two-dimensional disk and rings, hexagonal galliumnitride (GaN) pyramids are 3D cavities
which could be designed to emit a beam from each of smooth sides, and generate higher quantum efficiency [9].
Despite of the unique attractive properties of 3Dpyramidal structures,materials that have been successfully
surface-texturedwith ordered 3Dpyramidal units are very limited. This ismainly due to challenges in creating
3Dpyramidal structures through traditional lithography-etching techniques, including plasma etching [10],
chemical etching [11], reactive ion etching [12], and laser engraving [13, 14].

In this work, for thefirst time, we successfully demonstrate that large-area ordered 3Dpyramidal surface
patterns can be readily realized bywet-chemical selective epitaxial self-assembled growth. Lead selenide (PbSe)
is a promisingmaterial formany applications [15], including lasermaterials [16], thermo-electric devices [17],
and infrared (IR) detectors [18], Recently, the discovered phenomenon of themultiple exciton generation
(MEG) effect in PbSe nanocrystals could lead to an entirely new paradigm for ultra high efficiency of 65% (about
800%quantum efficiency limit) and low-cost solar cell technology [19, 20]. This discovery further stirs up the
enthusiasm for developing new technologies to precisely control the size, density, shape and dimension of PbSe
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surface pattern, expecting for not only a further improvement of the performance of the established PbSe
devices, but also the exploration of a newphysicalmechanism for the design and fabrication of next generation
devices.

Up to date, one-dimensional (1D) pillar PbSe surface patterns have been successfully obtained by etching
single-crystalline PbSefilms synthesized frommolecular beam epitaxy (MBE)method [21], however, there is
still no report about fabrication of 3DPbSe surface patterned structure. On the other hand, the chemical bath
deposition (CBD) [22–25] is awell-knownmethod generally used to fabricate poly-crystalline PbSe films and
free-substrate particles with different shapes [26–28], such as cubes, truncated octahedrons, octahedron and
dendrite-like structures. Comparedwith top-down etchingmethod, bottom-upCBDepitaxial self-assembly is a
more desirable technology for next generation nano-structuring applications, due to easy synthesis together
with a large versatility in the physic-chemistry of the respectivematerials. Therefore, in this work, CBDmethod
is adopted to textured pyramid PbSe surface pattern via surface epitaxial self-assemble engineering. The
experiment results show that themethod can be used to create large-area and very uniformpyramid patterns
withmultiple structure-controlling capabilities. The size, density,morphology and surface roughens of
pyramids can be conveniently adjusted by varying the selective growth area, growth time and etching time.

2. Experimental details

Our fabrication processmainly involves a selectively epitaxial self-assembled chemical growth on the patterned
PbSe epitaxial layer and an isotropywet-chemical etching. A schematic illustration of the fabrication process is
depicted infigure 1. First of all, a high qualitymono-crystalline (111) PbSe epitaxial layer was deposited on
Shiraki-cleaned (111) siliconwafer by usingmolecular beam epitaxy (MBE)method (figure 1(a-1)). Secondly,
Aumaskwith patterned circular or quadrate holes was coated over the (111) PbSe epitaxial layer by usingUV-
lithography (figure 1(a-2)),metal evaporation and lift off processes (figure 1(a-3)) in orders. Finally, highly
ordered 3DPbSe pyramid arrayswith uniform sizewere sculptured after chemical bath deposition (figure 1(a-
4)) followedwith anwet etching process (figure 1(a-5)).

2.1. Fabrication of 3DPbSe pyramid arrays
2.1.1. Deposition of epitaxial PbSe layer on Si (111) substrate
Mono-crystal (111) PbSe epitaxial layer was grown on the (111) Si substrate by a custom-designedMBE
apparatus with a compound source of PbSe and an element source of Se [29]. Prior to the deposition, a single-
sided polished Si (111) substrate was cleaned by usingmodified Shiraki cleaningmethod. After an appearance of
7 × 7 reconstruction reflection high-energy electron diffraction (RHEED) pattern, a 2 nm thickCaF2 layer was
then grown at 750 °Cwith a 2.5Ǻ/sec growth rate. Subsequently, a 10%Se-to-PbSe flux ratiowas used for the
growth of the PbSe thin films at substructure temperature of 380 °Cwith a growth rate of 1.2 μmh−1.

2.1.2. Fabrication of Aumask with patterned holes over theMBE- (111) PbSe epitaxial layer
Apositive photoresist (AZ 400 K) layer was coated onto epitaxial PbSe layer by spin-coating at 5000 rpm for 60 s
followed by a soft bake for 5 min at 90 °C, as shown infigure 1(a-2). Then circular or quadrate photoresist arrays
with various sizes and periodswere patterned by usingUV lithography (275W)with an exposure time of 11 s,
followed by a development time of 45 s. Subsequently, 30 nm thickAu layer was deposited on the photoresist
pattern by employing evaporation at room temperature for 10 mins in 2 × 10−4 Pa. Finally, a patternedAumasks
with circular or quadrate hole arrays, where exposed the underlying epitaxial PbSe layer, were obtained after life
off in acetone solvent for 5 mins, as shown infigure 1(a-3).

2.1.3. Selective epitaxial growth of PbSe pyramid array
Ordered 3DPbSe pyramid arrays were synthesized by directly immersing the patterned substrates into theCBD
growth solution. The aqueous precursorwas prepared via dissolving sodiumhydroxide, lead acetate and
selenosulfate with a concentration ratio of 12:1:1. The resultant patterned substrates were immersed upside
down into the aqueous precursor andmaintained at 70 °C for 3 h. After reactionwas over, large-size PbSe
pyramids were grown from the circular or quadrate holes, couplingwith small-size free-oriented PbSe particles
with various shapes on the Aumasks, as shown infigures 1(a-4) and 1(c). Ordered and neat 3DPbSe pyramid
arrayswere obtained after getting rid of small-size PbSe particles by awet-chemical etching solution at room
temperature for various times, as shown infigures 1(a-5) and 1(d).

2.2. Characterization of 3DPbSe pyramid arrays
Themorphological features of 3DPbSe pyramidswere observed by using field emission scanning electron
microscope (FESEM, ZeissNeon-40 EsB)with electron backscattered diffraction (EBSD). The crystalline
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structure was examined by a high resolution BrukerD8Discover (CuKα radiation, λ= 1.5406 Å) x-ray
diffractometer (XRD).

3. Results andDiscussion

3.1. Structural and optical characterizations of 3DPbSe pyramid arrays.
Figure 2 shows a typical 3DPbSe pyramid arrays self-assembled fromAumaskwith 8 × 8 μmsquare holes arrays
and 50 μmperiods. It is clearly that all PbSe islands exhibit a highly uniform size distribution andwell-defined
pyramidal shape.Highmagnification tiled FESEM images from various viewing angles infigures 2(c)–(e) reveal
the fact that the pyramid is assembledwith three large inward and three small outward faces. The three larger
faces with a pentagonal section are perpendicular to each other and converge into a sharp tip, being the peak of
the pyramid. Three smaller faces are of a regular triangular shape, and each of smaller faces is perpendicular with
the two adjacent large faces and is parallel with the remaining large face. All side facets are inclined by 54.7° with
respect to the substrate (111)MBE-PbSe epitaxial layer.

The growth orientation of the PbSe pyramidwas investigated by the EBSD, as shown infigures 1(f) to (h). A
clearly resolvedKikuchi linewas observed infigure 1(f), andmatchedwell with theKikuchi pattern of (100)
oriented EBSD-calculated PbSe unit cells shown infigure 1(g), suggesting the face ismono-crystalline (100) face.
Moreover, EBSD inverse pole figure (IPF)mapping of (100) plane infigure 1(h) reveals a pure color, indicating a
high uniformity of (100)-orientation.

Additionally, only (111) peaks, including higher orders up to (333), were observed in the XRDpatterns of 3D
PbSe pyramid arrays, as shown infigure 1(i), indicating that these pyramids are in good alignment andmono-
crystalline.

Figure 1. Schematic illustration and FESEM images of highly ordered 3DPbSe pyramidal arrays. (a) Schematic illustration of the
fabrication process by using selective epitaxial self-assembled chemical bath deposition. (b) Top-view FESEM image of Aumaskwith
patterned circular holds overMBE-(111) PbSe epitaxial layer. (c) Top-view FESEM image of unretouched 3DPbSe pyramidal arrays
after CBD growth, couplingwith small non-oriented PbSe particles. (d) Top-view FESEM image of highly neat 3DPbSe pyramidal
arrays after chemical etching.
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Above crystal structure characteristics demonstrate that the pyramid are formed by six {100} surface
planes, and these facets are all aligned parallel to the sixfold [110] directions within the (111) surface plane.
This is consistent with the fact that the {100} planes are the lowest free energy surfaces for the lead salt
compounds.

Figure 3 demonstrates an interesting phenomenon of the light reflection behaviors from the Si substrate
with 3DPbSe pyramid arrays. The substrate was fixed on a rotatable stage, and each of the images was taken
while the wafer turned in every 30°. As can be seen, the change of reflection intensity cycles three times (0°,
120° and 240°) when the substrate rotates in 360°. This phenomenon is due to the well aligned pyramid array
structure as shown in previous FESEM images. For one individual pyramid structure, the three big {100}
oriented planes are perpendicular to each other. And everymicro-structure has the same orientation andwell-
aligned to form a hexagonal array. Therefore, when one of the big {100} plane faces right at the camera, the
visible light is guided to the camera lens and reflection strength becomes strongest, as shown in pictures at 0,
120, and 240° respectively. Andwhen the edges connecting the {100} planes face at the camera, light is
reflected away from the camera lens, in this case, the brightness decrease to the weakest, as shown in pictures at
60, 180, and 300°.

3.2. Effect ofmask shape and size on themorphology of 3DPbSe pyramid array
Ordered circle- or square-shape hole array patternswith various sizes and periods were obtained after
lithography, Au evaporation and lift-off in turn, as shown infigure 1. The size and the period, which are
determined by designed sizes of lithographymask, are various in the range from5 to 20 μmand from5 to 50 μm,
respectively. Figure 4 show the typical FESEM image of 3DPbSe pyramid arrays patterned from round hole
arrayswith 5 and 2 μmdiameters, respectively. Obviously, themask shape and size have little effect on the
morphology of PbSe pyramid, while a nearly linear relation is revealed betweenmask and pyramid sizes.

Figure 2.Morphological and crystal characteristics of 3DPbSe pyramidal arrays. Low-magnification (a) top-veiw and (b) side-view
FESEM images of PbSe pyramid arrays. (c), (d) and (e)High-magnification titled-view FESEM image of individual PbSe pyramid
from various viewing angles. (f) Experimental EBSDKikuchi pattern captured from an individual PbSe pyramid. (g) Kikuchi pattern
of (100) oriented EBSD-calculated unit cells. (h) Inverse polefigure (IPF)mapping fromone of large PbSe planes shown in top right
corner. (i) XRDpattern of ordered 3Dpyramid arrays on patternedMBE-(111) PbSe epitaxial layer buffered (111) Si substrate.
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3.3. Effect ofMBE seed layer on themorphology of 3DPbSe pyramid arrays
The patternedMBE-PbSe buffer is essential for the formation of 3DPbSe pyramid arrays.WithoutMBE-PbSe
exipital buffer layer, CBD-grownPbSefilmswould be polycrystallinematerial. Figure 5(a) shows PbSefilm
synthesized on the Si substrate with a coarse surfacemophorlogy. Thefilm is 1.2 μmthicknesses, and is
composed of PbSe cubic particles with similar sizes varying from0.5 to 3 μmunder different growth conditions.
Three peakswith similar intensity were observed fromXRDpattern of PbSefilms infigure 5(f), which are
attributed to PbSe (111), (200) and (220) plane diffractions respectively, indicating that the film is poly-
crystallinewithout oriented growth.WithMBEPbSe (111) epitaxial buffer layer substrate, amono-crystalline
PbSefilmwas obtained as shown infigure 5(d). No boundary is observed betweenMBE-PbSe andCBD-PbSe
layers. After deposition of CBD-PbSe, XRDmeasurement showsmonocrystalline filmwith only corresponding
{111} peaks observed, as shown infigure 5(f).Moreover, a high resolutionXRD rocking curve infigure 5(g)
shows a narrower linewidth of 0.06° compared to that ofMBE layer, indicating a higher crystalline quality.
These results show that a higher qualitymono-crystalline (111) PbSe epitaxial layer could be obtained fromCBD
method by growing on (111)MBE-PbSe epitaxial buffer layer. The single-crystal lead salt films obtained from
CBDmethodwere reported byGolan [30–35].

Interestingly, 14 nmmin−1 growth rate of CBD-PbSe epitaxial layer onMBE substrate is 3 times faster than
the typical growth rate of poly-crystalline film on substrate without epitaxial buffer layer. Therefore, compared
withMBE technique, CBDgrowth onMBE epitaxial buffer layer is a promising technique for fabrication of low-
cost, high quality and thicker PbSe epitaxial layer, in addition to providing a newway to bottom-up growth of
highly orderedmono-crystalline PbSe pyramid arrays.

Figure 3. Light reflection behaviors of 3DPbSe pyramid arrays observed fromvarious viewing angle.

Figure 4.Top-view FESEM images of 3DPbSe pyramid arraywith various sizes. (a) Large and (b) small PbSe pyramid arrays grown
frompatternedAumaskwith 5 and 2 μmdiameter, respectively. The highmagnification FESEM images of Au patterns with various
hold sizes and the corresponding PbSe pyramids were shown in the bottom-left and top right-corners, respectively.
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3.4. Effect of etching to size and shape of 3DPbSe pyramids
It was found that wet-etching is also an effective way to tailor the pyramid size, as shown infigure 6. After 3 h
CBDgrowth, for example,medium 3DPbSe pyramidswithmaximum10 μmedge length epitaxially grew from
5× 5 μmsquare holemask, as shown infigure 6(f). After initial 5 min etching at room temperature, the size
decreased to 6 μmwith a 0.8 μmmin−1 etching speed (figure 6(g)). Then the etching speed reduces to
0.35 μmmin−1 in a subsequent 15 min etching, resulting in 300 nmnano pyramids (figure 6(j)). Furthermore,
the PbSe pyramidalmorphologies do not any change before and after etching, indicating an isotropic etching.

3.5. Growth process andmechanismof 3DPbSe pyramid array byCBDassisted selective (111)MBE-PbSe
epitaxial layer
Here, a 8 × 8 μmsquare hole array patternwas utilized to illustrate the process growth of 3DPbSe pyramid
arrays. After growth for 15 min, CBD-PbSe not only fill up the squared hole, but also form a high-platformwith
asymmetric hexagon shape, as shown infigure 7(b). Based on structural characterizationmentioned above, we
can confirm that the high-platform above Aumask surface ismade of a big inward tilt (100) facet, two small
inward tilt (100) facets, an outward tilt (100) facet and two uncertain vertical facets, as shown infigure 7(b). Two
small inward tilt (100) at the two of corners of square Aumask terminate the intersection of two parallel
uncertain vertical facets and the outward tilt (100), which is parallel to the big inward tilt (100) facet. After
growth for 30 mins, the two small inward-tilt (100) facets expand quickly both in horizontal and vertical
directions, and reach the same sizewith the bigger onewhich just has an obvious expansion in the vertical
direction. The two parallel unknown vertical facets disappear,meanwhile, the other two outward-tilt (100)
facets with irregular shape emerge at the both ends of original big (100) facet during the expansion of two small
(100) facets, as shown infigure 7(c).With further prolonging growth time, the inward-tilt (100) facets
continuously expand upwards and intersect each other. The intersections result in significant changes in sizes
and shapes of outward-tilt (100) facets and (111) facet. Obviously, the outward-tilt (100) facets grow up to the
maximum size and present an equilateral triangle profile at themoment of the emergence of inward-tilt (100)
intersection. And at the same time, the (111) facet being in shrinking takes final shape fromhexagon into
equilateral triangle. Then, companyingwith the increasing of inward tilt (100) face size in vertical direction, the
triangle (111) face gradually declines with increasing growth time, and completely vanishes after 180 mins,
finally forming a pyramidal structure with six (100) facets, as shown infigure 7(e). The size and shape of the

Figure 5.Effect of seed layer on the crystal structure and growth orientation of PbSematerial from chemical solutionmethod. (a)
Top- and (b) side-view FESEM images of poly-crystalline PbSefilms grown from seed-free (111) Si substrates. Side-view FESEM
images of (c)MBE-(111) PbSe epitaxial layer andCBD-(111) PbSe epitaxial filmswith (d) 6 μmand (e) 30 μmthickness. (f) XRD
patterns and (g) (111) peak rocking curves of PbSe films fabricated fromMBE andCBDmethods, respectively.
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outward-tilt (100) facets remain unchanged before the tip is formed. By further increasing growth time, the
pyramid becomes bigger and bigger by an isotropic growthmethod. It should be noticed that on the surface of
Aumask only sporadic small-size PbSe crystallites with randomorientationwere grown. This is because it is
difficult to formPbSe nucleation on gold surface duo to chemical inert of bulk gold [36].

In order to discuss the growthmechanism, we propose that themulti-facet PbSe pyramid shown in
figure 7(g) was formed by theConfined-Oriented-Attachment (COA)mechanism in themulti-component
growth system.Current, TheOrientedAttachment (OA)mechanism [37, 38] is a special oriented attachment
mechanism following theGibbs-Curie-Wulff (GCW)minimumenergy principle [39]. It is well known that
nonpolar {100} facets of the PbSe crystal are themost stable surfaces with a lowest surface energy of 0.184 Jm-2
[40], while the {110} and {111} facets have surface energies of 0.318 and 0.328 Jm-2, respectively. Therefore, to
follow the general GCWminimumenergy principle, the cubic shape of an equilibriumPbSe crystal will be
synthetized byminimizing the total surface free energy associated to the crystal-medium interface. Specifically
speaking, for an unitary water solution growth systemwith no intentional orientation control involving, {110}
and {111} facets of the PbSematerial which are formed in the nucleation and the initial growth stages, will be
gradually eliminated during themiddle and late growth stage until six squared {100} intersect to form amost
thermodynamically stable cubic shape, as depicted infigure 7(f-I). This is the reason that only poly-crystalline
PbSe cubic particle packingfilms could be obtained from regular CBDmethod.

However, the introduction of (111) PbSe epitaxial layer will be able to break the equilibriumof solution
growth system, resulting in the formation of a non-equilibriumPbSe single-crystal film of (111) orientation
with a higher surface energy. In our opinion, the survived (111) facet is attributed to the two-dimensional
regular oriented attachment (2D-OA)mechanism as shown infigure 7(f-II) [41]. ThisOAmechanism is now
widely recognized as a key process in the solution-phase growth of crystals with various nanostructures, whereby
nano-crystal units with special shapes interact and aggregate along specific crystallographic direction to form
hierarchical nanostructures, such as spheres, ellipsoids, platelets, wire, hybrids. In our case, the surface of (111)
PbSe epitaxial layer has only one kind of element layer on topwhich is either Pb or Se atomic layer. This kind of
atomic arrangement decides the initial nucleation and growth of PbSe crystals on the (111) epitaxial dominantly
via an atomic layer-by-layer deposition. Therefore, the atomic arrangement and the (111) orientation of
epitaxial layer will be copied to the fresh PbSe nano-crystals due to the layer-by-layer depositionmethod.
Furthermore, to also follow theGCWminimumenergy principle, the PbSe nano-crystals are of pyramid shape

Figure 6.Etching time dependence of 3DPbSe pyramid size. A continuous size decrease was observed both from large (a)–(e),
medium (f)–(j) and (k)–(l) small PbSe pyramids grown from 8× 8 μm, 5 × 5 μmsquare hole and 2 μmdiameter round holemasks,
respectively, with increasing etching time from (b) (g) and (l) 5 mins, (c) and (h) 10 mins, (d) and (i) 15 mins, to (e) and (j) 20 mins.
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constructed by predominantly {100} facets with the same orientation as the original epitaxial layer has, as shown
infigure 7(f-II) andfigures 7(g) and (h). Nevertheless, even every 20 nm-scaled PbSe pyramid constructed by
three {100} triangle facets has lowest surface energy, the increase of whole surface area, is larger than the surface
area of (111) epitaxial layer. It is well known that surface area and surface energy are the two factors affecting the
system energy. Therefore, although {100} surface is of lowest surface energy, the increased surface energy ratio of
pyramid structure stillmakes thewhole system energy higher than that of original (111) epitaxial layer, being in
unstable stage. In order to low the system energy, the PbSe nano-pyramids try tomerge together with
surrounding adjacent pyramids to decrease the gross area of {100} facets, as demonstrated infigure 7(f-II). The
mergence is possibly realized by forming secondary PbSe pyramids between the existing PbSe pyramids, as
shown infigure 7(f-II). This is due to that the valleys between pyramids provide preferential sites for nucleation
and growth because of higher bonding density. Thismergence process will keep on until a new flat (111) PbSe
epitaxial layer emerges. Therefore, the fresh (111) epitaxial layer by chemical reaction is self-assembled by 2D-
OAmechanism of hierarchical PbSe nano-pyramids along (111) direction. The self-assembly procedure
described abovewill repeat till the reactants in precursor are consumed out, resulting in forming a thick epitaxial
layer with a quick growth rate.

In order to realize COAgrowthmechanism, anAumasking process has to be involved. Due to thewell-
known chemical inactivity of Au and its latticemismatchwith PbSe, the nucleation and growth can hardly
happen at gold surface. After the thickness of fresh (111) epitaxial layer exceeds the thickness of Aumask, the
absence of PbSe pyramids onAu coating determines that the emerged outermost (100) facets of nano-scale
pyramids close to the Aumask only adopts one-dimensional oriented attachment (1D-OA) along<110>
direction, and eventually form a large (100) facet, as shown infigure 7(f-III). However, the (100) facets of
interior nano-pyramids vanish by 2D-OAmechanism to form fresh (111) facet, bring a lowest energy system.
Finally, large size PbSe pyramidswere formed on the confined positions under the dual functions of 1D- and
2D-OA.

It is necessary to predict that a perfect pyramid shape structure of PbSewith only three inward-tilted (100)
facets should be achieved if amaskwith equilateral triangular opening areas is used for lithographic process and
also all three triangle’s sidelines canmatchwith three [110] interconnection lines between {111} surface and the

Figure 7.Morphological evolution and growth orientation of PbSe pyramid grownonAupatternedMBE-(111) buffer layer by using
selective CBD epitaxial self-assemble growth. FESEM images obtained from (a) 0, (b) 15, (c) 30, (d) 90 and (e) 180 mins. (f) Schematic
illustrations for the growthmechanism. (g) high- and (h) ultra-highmagnification FESEM images of PbSe pyramids formed byCBD
method on the (111) epitaxial layer in the initial growth stage. 3D atomic arrangementmodel of PbSe pyramid grown on (111) PbSe
epitaxial layer.
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original epitaxial layer’s (111) surface. Due to the fact that these three inward-tilted (100) facets have
interconnectedwith each other at the very beginning of theCBDgrowth procedure. However, in the case shown
infigure 7, themask used is of square shape. Therefore, threemajor inward-tilted {100} surfaces have been
separated by other facets from the beginning of theCBDgrowth as shown infigure 7(b). Based on theGCW
minimumenergy principle, it is suggested that the separation facets between these threemajor inward-tilted
{100} facets are the rest three {100} facets that is outward-tiltedwith their orientation facing downwards to the
wafer since their surface energies are lower than other facets. And as just stated, while the growth process is
proceeding, the top three{100} surfaces will keep growing to get connected as shown infigure 7(d), and the (111)
higher energy surfacewill keep shrinking and eventually be disappeared to form a pyramid head as can be seen in
figure 7(e).

4. Conclusions

In summary, we have devised a template assembly route yielding 3Dhighly faceted single-crystal PbSe pyramidal
arrays from selective chemical bath deposition. Every PbSe pyramid is enclosed by six lowest free-energy {100}
surface planes, and these facets are all aligned parallel to the sixfold (110) directions within the (111) surface
plane. The size of PbSe pyramids could bewell tailored by the size of pre-organizedAu pattern and the etching
time. PbSe pyramids were formed on the confined positions under the dual functions of 1D- and 2D-OA
following theGibbs-Curie-Wulffminimumenergy principle. The arrayed nature and narrow size distribution
of the assembled structures provide an excellent platform for advancing applications and assembly processes
reliant on the unique properties of PbSe. It is predictable that epitaxial pyramid arrays are likely to be obtained
using an elegant single step chemical epitaxy deposition (withoutMBE-PbSe seed layer) onGaAs or surface
treatment Si substrates byCOAmechanismbased on theDrGolan’s studies [30–35] on the lead-salt epitaxial
thinfilms fromCBD.
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