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Ordered Arrays of Dual-Diameter Nanopillars
for Maximized Optical Absorption
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ABSTRACT Optical properties of highly ordered Ge nanopillar arrays are tuned through shape and geometry control to achieve the
optimal absorption efficiency. Increasing the Ge materials filling ratio is shown to increase the reflectance while simultaneously
decreasing the transmittance, with the absorbance showing a strong diameter dependency. To enhance the broad band optical
absorption efficiency, a novel dual-diameter nanopillar structure is presented, with a small diameter tip for minimal reflectance and
a large diameter base for maximal effective absorption coefficient. The enabled single-crystalline absorber material with a thickness
of only 2 um exhibits an impressive absorbance of ~99 % over wavelengths, 4 = 300—900 nm. These results enable a viable and
convenient route toward shape-controlled nanopillar-based high-performance photonic devices.
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ue to their one-dimensional geometry, semiconduc-

tor nanowires (NWs) have unique optical properties,

including polarized photoresponse and diameter
tunable band structure.' ~® Furthermore, engineered three-
dimensional (3-D) arrays of NWs and nanopillars (NPLs)
enable implementation of novel photon managing (PM)
device structures with highly tunable and significantly im-
proved performances.’”'” Extending on these initial works,
here, by using germanium (Ge) as a model material system,
optical properties of highly ordered NPL arrays are tuned
through shape and geometry control to achieve the optimal
broad band absorption. Specifically, a novel dual-diameter
NPL (DNPL) structure is presented with a small diameter tip
for minimal reflectance and a large diameter base for
maximal absorption of the penetrating photons, enabling
absorption of ~99 % of the incident light over wavelengths,
A =300—900 nm with a thickness (DNPL length) of only 2
um.

Theoretical and experimental works have shown that 3-D
arrays of semiconductor NPLs with well-defined diameter,
length, and pitch have tunable reflectance, transmittance,
and absorption.'*'*'®!? An optimal combination of dimen-
sions and shape for a given material system leads to
maximized broad band light absorption. However, in prac-
tice, precise control of these geometric parameters over
large scales is rather challenging. One conceivable approach
is to utilize lithography to define the precise locations of
metal nanoparticles on single-crystalline substrates to initiate
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vapor—liquid—solid growth of an epitaxial NPL array.'>*°~>*

This approach poses stringent requirements on material and
substrate choice, not to mention the complexity and cost of
the process. In another approach, Langmuir—Blodgett as-
sembly of micro/nanospheres on a planar substrate followed
by chemical etching can enable the fabrication of a micro/
nanopillar array.'>'? However, the single-crystal substrate
requirement of this approach poses a limitation in terms of
cost and materials choice. Here, we utilize self-organized
anodic alumina membranes (AAM) as templates for the VLS
growth of ordered, single-crystalline Ge NPL arrays on
aluminum foils with controlled shape and dimensions. This
process enables fine control over geometry and shape of NPL
arrays, without the use of complex epitaxial and/or litho-
graphic processes. Furthermore, since AAM is optically
transparent with a wide optical band gap (Eq = 4.2 €V),* it
is an ideal platform for elucidating the intrinsic optical
properties of 3-D NPL arrays.

To achieve perfectly hexagonally ordered AAM, a two-
step anodization process in conjunction with a simple
imprint method was utilized.'' Electroplating was then
performed to deposit Au catalytic seeds selectively at the
bottom of each pore followed by the VLS growth of Ge NPLs
and ion milling surface cleaning (see Supporting Informa-
tion). Finally, the Al support substrate was chemically etched
and the membrane was attached to a transparent glass
handling substrate by epoxy. When the process conditions
are tuned, including anodization voltage, time, and nanop-
ore etching time (see Figure S1 in Supporting Information),
the dimensions of the pores and the subsequently grown
NPLs can be precisely controlled over a wide range. Scan-
ning electron microscopy (SEM) images of AAM before and
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FIGURE 3. Ge dual-diameter nanopillar arrays. (a) Schematic of a
DNPL array embedded in AAM. (b) Simulated cross-sectional electric-
field intensity distribution for a 800 nm wavelength EM wave
propagating in a DNPL with a tip diameter D1 = 60 nm and a base
diameter D2 = 130 nm. (c) Cross-sectional SEM images of a blank
AAM with dual-diameter pores and the Ge DNPLs (inset) after the
growth. (d) SEM of a single Ge DNPL after harvesting and drop-casting
on a silicon substrate. (e1—e4) TEM images of a Ge DNPL, showing
the single-crystalline structure along its axis.

tion for A =900—300 nm, which is a drastic improvement
over single-diameter NPLs (Figure 4a). The broad band
absorption enhancement for the DNPL geometry is depicted
in Figure 4b, where the average absorption efficiency, A, for
A = 900—300 nm is plotted for various Ge planar and
nanopillar structures. For single-diameter NPLs, a strong
diameter dependency is observed, with a peak A ~94%,
corresponding to Dyp. = 80 nm. A drop in A is observed for
the smaller and larger NPLs due to reduced Fr and enhanced
R, respectively, as previously explained. On the other hand,
DNPLs with D1 = 60 nm and D2 = 130 nm exhibit A ~
99%, clearly demonstrating the advantage of this novel
structure for near unity absorption in the explored wave-
length range. Notably, both NPL and DNPL structures drasti-
cally outperform planar Ge TFs, where A ~ 53 %, despite
using significantly less material (Fx = 0.2—0.6) and clearly
proving their superiority in PM properties.

In summary, a versatile approach for controlled synthesis
of ordered nanopillar arrays with tunable shape and diam-
eter is presented, enabling a systematic study of the intrinsic
optical properties of 3-D NPL structures. Specifically, Ge
DNPL arrays are demonstrated as a novel platform for
decoupling reflectance from transmittance, therefore, en-
abling maximal broad band photon absorption, optimal for
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FIGURE 4. Optical characterization of Ge DNPL array. (a) Experi-
mental absorption spectra of a DNPL array with D1 = 60 nm and
D2 = 130 nm, and single-diameter NPL arrays with diameters of 60
and 130 nm. (b) Average absorption efficiency over 4 = 300—900
nm for single-diameter NPLs as a function of diameter along with
that of a DNPL array with D1 = 60 nm and D2 = 130 nm.

potential photovoltaic and/or broad band detector applica-
tions. In this work, the effects of varying pitch on light
absorption were not explored. In the future, pitch optimiza-
tion can be used to enable light trapping and hence signifi-
cant absorption enhancement with smaller Fr. Furthermore,
the DNPL structure may enable the exploration of novel
photonic devices. Here, the diameter of the explored NPLs
is larger than the Bohr radius of Ge (Rg = 24.3 nm);*’
therefore quantum confinement does not play a role. In the
future, templates with pore diameters <Rg can be utilized
for band-structure engineering of Ge NPLs, providing another
degree of control over the absorption properties of NPL
arrays. For instance, a tandem cell can be envisioned based
on a single material system by appropriate diameter selec-
tion of the two segments of the DNPL structure, further
enhancing the utility of the proposed approach. While we
focused on Ge as a model system, the approach is highly
generic for various semiconductors and, in the future, can
be applied to the application specific material system.
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